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FOREWORD

This report, prepared by the Martin Marietta Corporation,
Denver Division, under Contract NAS8-30690, presents the re-
sults of an analytical and experimental study of transient
liquid motion similar to that encountered in orbiting space-
craft. The study was performed from March 1974 to February
1975 and was administered by the National Aeronautics and
Space Administration, George C. Marshall Space Flight Center,
Huntsville, Alabama, under the direction of Mr. Frank Bugg.
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ABSTRACT

This report presents the results of a twofold study of
transient liquid motion such as that which will be experienced
during orbital maneuvers by Space Tug. A test program was con-
ducted in the Martin Marietta Low-g Test Facility involving
twenty-two drops. Biaxial, low-g accelerations were applied
to an instrumented, model propellant tank during free-fall
testing, and forces exerted during liquid reorientation were
measured and recorded. Photographic records of the liquid re-
orientation were also made. The test data was used to verify
a mechanical analog which portrays the liquid as a point mass
moving on an ellipsoidal constraint surface. The mechanical
analog was coded into a Fortran IV digital computer program:
LAMPS, Large AMPlitude Slosh. Test/analytical correlation in-
dicates that the mechanical analog is capable of predicting the
overall force trends measured during testing. More work is
needed, however, to fine-tune the model through better under-
standing of viscous dissipative forces and improvements to
liquid motion comnstraints.
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I. INTRODUCTION

In the immediate future, vehicles similar to Space Tug
will perform orbital maneuvers while carrying a large mass of
propellant. An in-depth understanding of the interaction forces
between the propellant and space vehicle is required to properly
assess the dynamics of these maneuvers, in particular, the dock-
ing maneuver. During orbital maneuvers, the propellant mass is
subjected to small accelerations which can induce large ampli-
tude slosh motion. Due to the relatively large mass of propel-
lant, the forces exerted on the spacecraft by the moving propel-
lant may have a significant effect on gross vehicle motion.
Knowledge of these interaction forces is imparative in the de-
sign of vehicle orbital control systems and docking mechanisms.

A two-fold study has been conducted to develop a mechani-
cal analog to simulate large amplitude liquid motion in a
container for low-g environments. The primary purpose of the
model is to simulate the interaction forces between liquids
and the spacecraft due to moving propellant. The study con-
sisted of both experimental and analytical tasks.

The Martin Marietta (Denver) Drop Test Facility was used
in the conduct of the experimental phase. A test module capa-
ble of measuring large amplitude slosh forces on a scale model,
axisymmetric tank was constructed. The test and liquid were
scaled using dimensional analysis techniques to ensure simula-
tion of motion representative of a full scale liquid oxygen
tank. During testing, the module was dropped in the free-fall
tower (simulating zero G) and small biaxial accelerations were
applied. The ensuing liquid motion was photographed and two
dimensional forces were measured and recorded. A total of
twenty~-two tests were conducted. Various tank fill volumes,
tank orientations and acceleration magnitudes were investigated.
The test time (=2 seconds) corresponds to approximately 15
seconds of liquid motion in a full size tank. Chapter IL de-
tails the test program.

A mechanical analog was developed in the analytical phase
to simulate the observed large amplitude slosh. The analog
portrays the liquid as a point mass moving on a constraint
surface which is represented by piecewise continuous elliptical
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segments. The constraint surface is the locus of liquid center
of mass locations prescribed by slowly rotating the tank in a
one-g field. The mechanical analog was implemented in a com-
puter program, LAMPS (Large AMPlitude Slosh), which predicts
force time histories on the tank due to the liquid motion.
Chapter III presents a derivation of the equations of liquid
motion and discusses the computer solution. A users guide to
the program, LAMPS, is also presented.

In Chapter IV, a comparison between the acquired test data
and computer predictions for the test configurations is pre-
sented.
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I1. EXPERIMENTAL INVESTIGATION

The primary objective of the experimental investigation
was to generate data for correlation with the computer model
developed under the analytical task. It was, therefore, re-
quired that the tests simulate the type of propellant motion
that could occur during docking maneuvers of a spacecraft. 1In
addition, it was necessary to measure the forces produced by
the motion of the liquid. Scaling was used to relate the test
conditions to a full-size tank. The drop tower, low-g test
facility was selected as the means of performing the tests and
a series of 22 drop tests was accomplished. Since the test con-
ditions used have not been experimentally simulated before, the
tests add to the basic understanding of the reorientation of
propellant within a tank.

A, TEST MATRIX

The tests simulated the full-size liquid oxygen tank shown
in Figure II-1. It has hemispherical end domes and a short cyl~
indrical barrel section. The following test parameters were
varied so that each test simulated a somewhat different condi-
tion under which the reorientation of the liquid occurs:

1. 1liquid volume;

2. inclination of the tank with respect to a vertical
reference axis, given by the angle 8X in Figure II-1;

3. magnitude of the acceleration acting on the tank:
the acceleration is composed of two components, an
axial acceleration and a lateral acceleration.

A lateral acceleration was applied in order to force the
liquid to follow the tank wall. This avoids producing insta-
bilities, in the form of a liquid column, that move through
the center of the tank. Such instabilities have been shown to
be a result of unique initial conditions and are not represen-
tative of a typical liquid reorientation. A further discussion
of the occurrence of these instabilities can be found in Chapter
Iv.
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The conditions for each test are listed in Table II-1.
The acceleration specified is the axial acceleration for a full-
size tank. In each case, a lateral acceleration with a magni-
tude of approximately ten percent of the axial acceleration was
also applied.

Initially, the liquid was at rest, positioned as shown in
Figure II-1. The gas/liquid interface was flat and perpendicu-
lar to the vertical reference axis. The specified acceleration
was continuously applied and the liquid reoriented to the oppo-
site end of the tank.

Ox

5 ft.

/

Figure 7Ii-1" Full-Size Tank

Initial Liquid
Interface .
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Table II-1. Test Matrix

Test Liquid Volume | Full-Size Tank Acceleration | Tank Orientation Angle
Number (Percent) (g) (Degrees)
1 25 .02 0
2 50 .02 0
3 75 .02 0
4 25 .02 30
5 50 .02 30
6 75 .02 30
7 25 .02 60
8 50 .02 60
9 75 .02 60
10 25 .02 90
11 50 .02 90
12 75 .02 90
13 25 .04 0
14 50 <04 0
15 75 .04 0
16 25 .04 45
17 50 <04 45
18 75 .04 45
19 25 .04 90
20 50 .04 90
21 75 .04 90
22 10 .04 0
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B. TEST SCALING

The following variables characterize the reorientation of
propellant within a tank:

P = liquid density,
B = liquid viscosity,
¢ = liquid surface tension,

§ = solid/liquid contact angle,

A = acceleration acting on liquid,

V = velocity of the gas-liquid interface,
v = liquid volume,

r = tank radius.

The force (F) and pressure (P) exerted by the liquid on the
tank during liquid motion are the measured variables. Using
the Buckingham pi theorem, the dimensionless parameters of
interest can be established to be:

\Y%
™= Fr = \[2; (Froude Number)
2
_ _ PAr
™, = B0 = pe (Bond Number)
- = PVr
my = R, M (Reynolds Number)
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With regard to the motion of the liquid, the Froude number can
be related to the Bond number and Reynolds number as follows:

F_ =1 (B, R)

Based on numerous propellant reoricntation tests, numerical
coefficients were established so that the above relationship
can be expressed as follows (Reference 1):

Bo
0.84\ 4.7
Fr—KRezO.Z(-s[l'(Bo) ]2

Considering only the relationship between the Froude number and
Bond number, their variation is shown graphically in Figure II-2.
It can be seen that the Froude number is constant if the Bond
number is greater than 10. This implies that surface tension
forces are negligible, in comparison to the inertia and gravity
forces, when By, is greater than 10. The factor Kg, in the
equation accounts for viscous effects as a function of the
Reynolds number. The variation of KR, is shown in Figure I1I-3.
If the Reynolds number is greater than 50, viscous effects are
negligible. Therefore, for any propellant reorientation which

has a Bond number greater than 10 and a Reynolds number greater
than 50, scaling can be based on Froude number alone.

As will be shown later, the above requirements for B, and
R. are satisfied for the propellant reorientation conditions
being considered here, so Froude number is the scaling para-
meter. That is
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where the subscript "a' refers to the full-size system and the

subscript "m'" refers to the model. Therefore,

\ \
a m

r r
a a m m

]

and V~At, where t = time. Hence,

-
>

r
_a = o _a
t Aa rm

The above equation yields the time scaling for a selected di-
mensional scaling and the ratio of the actual to model accel-
erations. It is independent of the liquid properties.

The liquid properties enter into the scaling in assuring
that the Bond number and Reynolds number are sufficiently large.
A large liquid density helps to make both R, and B, large, and
also assures that the forces due to a given volume of liquid
will be large. Low surface tension and viscosity are also de-
sirable.

An evaluation of the various methods of producing the
scaled test conditions showed that the drop tower test facility
would best satisfy the above requirements. Martin Marietta's
drop tower provides a specified low-g environment for a period
of up to 2.1 seconds.

The values selected for Ay and rp, in establishing the
time scaling for the test, are somewhat constrained due to the
drop tower test facility. In order to make the time scaling
as large as possible (ta large), Ap should be large. Large
values of acceleration limit the test time in the drop tower
because the drop capsule must be accelerated with respect te
the drag shield; the travel distance is fixed. A value of
0.09g is a practical upper limit for A, and will still provide
1.6 seconds of model test time.
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In selecting ry, it should be as small as possible in order
to make t, large. However, it must be realized that the forces
produced by the liquid within the model are proportional to the
mass of liquid. A value for rp of 6.35 cm (2.5 inches) was se-
lected as a suitable compromise between the two requirements.
Therefore, the time scaling for ra = 1.5 meters (5 feet) and
A, =0.04g is

t
_a _ 0.09 60 _
€ 0.04 2.5 7.35

For a model test time of 1.6 seconds, the actual time simulated
is 11.8 seconds. In simulating the case where A, is 0.02g, the
model acceleration is 0.045g and the ratio ty/ty remains the
same. A model test period of 2.1 seconds was available at this
lower acceleration, so tg is equal to 15.4 seconds. The desired
accelerations were achieved with spring motors producing 133N
(30 1bf) and 66.7N (15 1lbf) acting on a drop capsule weighing
162 Kg (358 1bm).

FC-43, a very dense fluorocarbon solvent, was selected as
the test liquid. The properties of FC-43 (Reference 2) along
with those of the actual liquid, oxygen, are listed in Table
II-2.

TABLE II-2, LIQUID PROPERTILES

FC-43

at 68°F Oxygen at 162°R
Density, gm/cc (lbm/ft3) 1.905(118.9) 1.14(71.3)
Surface Tension, dynes/cm 3 -4
(1bf/ft) 16.7(1.14x107°) 13.5(9.25x10 7)

Viscosity, CP (lbm/ft-sec) | 6.5(4.36x1073) | 0.195(1.31x10 ")
Contact Angle, degrees 0 0

The Bond number and Reynolds number for both the model and
actual tank are listed in Table II-3, It can be seen that the
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requirements of the scaling analysis have been satisfied in both
the actual case and the model. The Reynolds number is consider-
ably greater than 50 in both cases, so viscous effects will be
minimal. Both Bond numbers are greater than 10; however, there
is a large difference between the Bond numbers of the full size
tank and the model. When the Bond number is greater than 10,
the effect of surface tension on the motion of the liquid is
small. The minimum model Bond number of 208 should insure this
to be true. The lateral acceleration acting on the model tank
moves the liquid up one side of the tank, further reducing the
effect of surface tension on the liquid motion. The large dif-
ference in Bond number between the full-size tank and the model
indicates that the interface in the full-size tank would break
up more than was observed in the model, but the general manner
of the liquid motion will be the same.

TABLE II-3., BOND AND REYNOLDS NUMBERS

Parameter Oxygen FC-43
Bond Number
A, = 0.02g 3.85x104 208
A, = 0.04g 7.70x10" 407
Reynolds Number
A, = 0.02g 2.70x10" | 1.73x10"
A, = 0.04g 4.13x107 | 2.63x10"

Since complete reorientation of the liquid during the test
was desirable, this was also considered in selecting the model
test conditions. It was anticipated that the liquid would be
reoriented but some oscillation of the liquid about its equili-
brium position would still be present at the end of the test.

Forces and pressures measured in the test may be scaled to
the full-size tank, using the previdusly presented dimension-
less parameters, as follows:
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_m _ n Y
T 2.71 x 10
a
and
Pm
T = 0.156
a

C. TEST SYSTEM DESCRIPTION

A test system that can produce the required subscale model
test conditions and measure the liquid forces was designed and
built for Martin Marietta's Drop Tower Test Facility. Flexi-
bility to duplicate the varied test conditions, and sensitivity
to record the small liquid forces, were the key requirements in
designing the test system.

1. Test Module - The test module consists of the tank,
force measuring links and slider mechanism. This module is
shown mounted on the drop capsule in Figure II-4., Figures
II-5 and II-6 present front and back views of the box in which
the force links and tank are mounted.

The model tank is made of clear plastic. The domes were
blown from sheet plastic and the barrel section was cut from a
tube. The flange around the tank provides structural strength
and permits the tank to be mounted at the proper angle within
the force link yoke. Two screws in the barrel section of the
tank allow it to be filled and drained.

Three force links, two vertical and one lateral, allow
all forces acting on the tank to be measured. Bearings at each
end of the links permit only forces along the link axis to be
measured. The bearings that are mounted on the box are self-
aligning.

Three flexures, perpendicular to the plane of the force
links, prevent any motion of the tank out of that plane. The
spring constant of these flexures is small in comparison to
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the spring constant of the load cells and force links. There-
fore, the effect of these flexures on the force sensed by the
load cells is insignificant.

The platform of the slider is mounted to the rails with
three linear bearings; one under the camera and two under the
tank. A constant force spring motor provides the lateral ac-
celeration of the slider. A spring motor with a force of 3.34N
(0.75 1bf) accelerated the slider at approximately 0.02g. An
electric solenoid was usced to release the slider at the begin-
ning of the test.

2., Drop Test Facility - The complete drop capsule is
shown in Figure II-7. Due to the rather high accelerations
being used, evacuation of the drag shield was not necessary.
A simple frame was mounted over the test module rather than
sealing the drop capsule with its cylindrical cover. The spring
motors that provide the axial acceleration of the drop capsule
and a crush tube are mounted on the conical base.

The total drop test system is illustrated in Figure II-8,
The cable from the axial spring motor is extended and secured
to the bottom of the drag shield. After releasing the drag
shield from the top of the 23-meter (75-foot) drop tower, the
drop capsule is simultaneously released within the drag shield.
At the same time the solenoid is actuated releasing the slider.
Both the lateral and axial spring motors accelerate the test
module throughout the drop test. The drop capsule impacts the
drag shield, with the crush tube absorbing the impact, and the
drag shield lands in a bin of wheat at the end of the test.

3. Instrumentation - The motion of the liquid was re-
corded with a 16-mm Milliken DBM-3a camera mounted on the
slider. The film speed was 200 frames per second. Immediately
before the drag shield was released, the camera was started and
it was automatically stopped when the drag shield impacted the
wheat.

Quartz crystal load cells (Kistler Model 912) were used to
measure the liquid forces. These load cells have a capacity of
2220N (500 1bf) in tension and 22200N (5000 1bf) in compression
providing the capability of withstanding Lhe impact at the end
of the test. Peak, high frequency accelerations of up to 160g
have been mecasured at impact., Due to their high degrce of
lincarity, these load cells are fully capable of measuring the
small forces due to Lhe 1iquid motlion.
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Figure 1I-8. Complete Drop Test System
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The load cells were mounted in the force measuring links.
Low noise cables were used to feed the output of the load cells
to charge amplifiers. The charge amplifiers were located about
half way up the drop tower to minimize the motion of the cable
as the drag shield falls. The amplifiers were set on long time
constant and the most sensitive scale that could be accommo-
‘dated to measure the low amplitude and low frequency forces.
Each charge amplifier input was momentarily grounded prior to
the test, so all forces were measured with respect to zero at
one-g.

The output of the charge amplifiers was fed in parallel
to both a tape recorder and a chart recorder. In order to
filter out the vibration induced by the camera motor, a 10 Hz
low-pass filter was used in the amplifier for the chart re-
corder. An end-to-end calibration of the force measuring sys-
tem was accomplished with the fixture shown in Figure IL-9,
Known weights were suspended from the hook at various positions
with respect to the force links, the output was recorded on tape
and then played back on the chart recorder.

An accelerometer (Columbia Model 302-2) was mounted on the
slider to accurately measure the axial acceleration of the drop
capsule. The accelerometer allowed the effect of drop capsule
drag and piston effect due to its motion relative to the drag
shield to be measured. It was found that these effects are
negligible. The output of the accelerometer was handled in a
manner similar to the load cells. A low noise cable fed the
output to a charge amplifier and its output was recorded. The
charge amplifier was grounded prior to the test so all accel-
erations were measured with respect to zero at one-g.

An attempt was made to measure the pressure of the liquid
at various points on the tank during the reorientation. A
Rulite miniature transducer was used with signal conditioning
and amplification configured to measure pressures over a range
of 0 to 0.07N/cm?2 (0.1 psi). The transducer could be mounted
in any of three positions, so that it could always be located
near the final equilibrium position of the reoriented liquid.
Initially, the transducer was exposed to the ullage gas and it
became submerged in liquid during the test. It was found that
changes in output produced by the somewhat cooler liquid con-
tacting the transducer was of the same order of magnitude
expected for the pressure. No usable data was obtained from
the pressure transducer.
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D. DATA REDUCTION

A lateral force (Fj) and two vertical forces (Fp and F3)
were measured and recorded during the drop tests (see Figure
II-6). The test data was manually scaled, and converted to a
punch card data bank. The following steps were applied to each
set of test data by a data reduction program. Fj, Fp and Fj
were converted from voltages to forces by the appropriate scale
factors. To smooth the data, somewhat, it was linearly inter-
polated with respect to time and a moving average digital low
pass filter was applied to the data to remove 8 Hz to 12 Hz
noise generated by the test support structure, Figure II-10
depicts the shape of the filter used. The force triad was then
transposed into the tank triad as shown in Figure II-11. The

following set of equations was used to perform the transposi-
tion,

FZ_ =F, +F

F b+ F.c - F.a

ﬁ

2 1 3
FZT = FZI cos BX - FYI sin 68X
FYT = FYI cos 68X + FZI sin 8X

oty =

where subscript (I) denotes the inertial triad and subscript
(T) denotes the tank triad. The results were plotted with
time as the ordinate.

To facilitate comparison between the test and analytical
results, the test data was further adjusted. As previously
mentioned, the force guages registered "0" in lg prior to the
drop. The analytical model records this one-g force as a nega-
tive force in the Z7 direction. To make the analysis and test
results compatible, the initial zero test forces were converted
to negative Z1 forces. This allows direct comparison between
predicted and measured force time histories.
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ITI. ANALYTICAL MODEL

A two dimensional mechanical analog has been developed to
predict forces and moments exerted by a moving liquid on its
container walls. 1In particular, the mechanical analog is de-
signed to predict the forces exerted on an orbital spacecraft,
such as the Space Tug, due to large amplitude propellant slosh
initiated by small accelerations induced during docking or
other orbital maneuvers. Knowledge of these forces is neces-

sary in the design of spacecraft control systems and docking
mechanisms.

) The mechanical analog portrays the liquid as a point mass
moving on a constraint surface. The constraint surface is de-
termined by slowly rotating the tank (analytically) in a one-g
field; the constraint surface is the locus of liquid center of
mass (cm) locations prescribed during the rotation; assuming
the free liquid surface is planar. This constraint surface is
assumed to be axis-symmetric (with the tank body axis system);
hence, one quadrant (90°) is sufficient to describe the entire
surface. In the mechanical analog, this constraint surface is
approximated by piecewise continuous elliptical segments. When
the liquid cm deviates substantially from the constraint sur-
face, the coefficients of the ellipse are updated in order to
bring the cm back to the constraint surface. For some tanks
and fill volumes, it may be suitable to have a single ellip-
soid to approximate the constraint surface while others may
require several segments to appropriately describe it. Forces
that the liquid exerts on the container result from inertial
reactive forces and viscous dissipative forces.

A, EQUATIONS OF MOTION

The two dimensional equations of motion for the coupled
tank/fluid system are stated in canonical first order form.
This form of the equations of motion fall within a framework
which will accommodate an entire spacecraft even though the
following discussions are limited to simulation of the test
configuration. The goal is to verify the mechanical analog
based on test results. Appendix A addresses the extension of
the equations of motion to the coupled spacecraft/tank/fluid
system.
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Figure III-1 depicts the relationship of the tank body and
inertial coordinate systems used in the mechanical analog. The
constraint surface and its elliptical approximation are also

shown.
7 A Elliptical
T,K Approximation
Propellant Tank
A
'YT,J
Constraint
Surface
K
A A
XT, i
Inertial
Triad A —
- = Note: i = 1
J
I
FIGURE III-1. COORDINATE SYSTEMS
The force balance on the fluid cm can he written as follows:

(1
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fluid mass,

where: MF

V., = velocity vector of the fluid cm relative to the

F . .
inertial frame,
A = constraint force normal to the constraint surface
(inertial reactive force),
f = viscous dissipative force on the fluid cm tangent

to the constraint surface.

The fluid cm is constrained to move in the Yr-Zy plane on the
constraint surface, approximated by elliptical segments. Hence,
the fluids velocity vector must be instantaneously tangent to
the approximated surface. This is equivalent to writing:

-V) . TE=0 (2)

where: Va = velocity vector of the point on the constraint
surface (coincident with the fluid cm) relative
to the inertial frame,

VE = planar gradient of the constraint surface (out-
ward normal vector), _QE A + JE Q .
dY LY/

The velocity of the fluid cm may be defined as follows:

V.=V +V_ ¢
F-Va” T Cr (3)
where : VT = magnitude of the fluid cm velocity relative to
the constraint surface with the tank triad as a
reference,
€., = unit vector tangent to the constraint surface.
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Differentiating equation (3) yields,

_— =._ . — + -
VF Aa + Vo oeq VT er 4)
where: A = the acceleration vector applied during the test
o — A
resolved to the tank triad, A = A @ + A X
a 3 k
. n
®r
—_n
e
N0
Radius of Curvature, P
_ 1
e
N0

Constraint Surface
Segment

FIGURE III-2. DETERMINATION OF ET

From kinematics and Figure III-2, we can develop an expression
for By as follows:

éT='é>\'éT (5)
ds

VT iy | (6)

d .

- e N
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Since the fluid cm must move in the Yp-Zy plane, from equations
(6) and (7), we can write

I
P

ol.

&y . x ET) (8)

where ENO X ZT determines the sign of 8. Substituting equation

(8) into equation (5) we have an expression for éT’

x ET) X ET (9

Now substituting equation (9) into (4), VF may be written,

2
- - . — VT -
Vp = A, +Vp en +5 (@y, xep) xep) (10)

Combining equations (10) and (1), we have the general equation
of motion of the fluid cm represented in terms of the tank
coordinate system,

In order to solve for Vp we can convert to a scalar equation
by performing a vector dot product on equation (11) with &p.

ET .[A +VT eT+T((ENoxET) X—éT)]=—(eT . )\+ET - £)(12)

M

Note: . + A =0 .... since they are perpendicular,

S . f=-f ... since they are parallel and in opposite
directions,

Hh
i

magnitude of the viscous dissipative force.
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Solving for V; from equation (12) yields
2

. -f _ - Vo [ - - -
Ve = - ( en * Aa) -7 [eT < (( ey, eT) x eTﬂ (13)

mf

Note: ( ENO X'ET) x'ET = -ENO .... unit inward normal vector to
the constraint surface,

hence, T (( ENO x'ET) X ET) = ET . (-ENO) =0 .... théy are
perpendicular.
Equation (13) can now be rewritten as follows,
v,=2E - (3, - 3) (14)
T MF T a

If er is defined in terms of its components, g and h, in the

tank triad, equation (14) can be written, §— _ A A
’ { er =8 ¥ h k}

I

- g Aj - h Ak (15)

From equation (15) we note that Vp is a function of the compo-
nents of the unit tangent vector, ep. Both of these components,
g and h, must vary with time in order to keep @r tangent to the
constraint surface as the fluid cm moves through the tank.




I11-7.

Constraint
Surface

Y
T

(Unit
Tangent)

Projected

I

N (Unit Outward
Normal)

FIGURE III-3. ORLENTATION OF UNIT TANGENT AND OUTWARD NORMAL
VECTORS TO THE CONSTRAINT SURFACE. DEFINITION OF f3

From Figure III-3, it can be seen that at any instant of time,
et is at an angle B with respect to the Yr axis. From Figure

III-2, we note that B =0 + 90°, hence B = 8. Therefore, from
equations (6) and (7),

g ="t (16)

From Figure I1I-3, we can also write,

g = cos 8

h = sin f3

(17)

\Jg + h2 =1
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Equation (15) now can be written,

V =:'§--Aj cos B - A

T

" sin g (18)

Equations (16) and (18) are the state equations for the fluid
cm and are numerically integrated to yield the state variables
Vr and B . The direction of the unit tangent vector, ey, must
be initially determined in order to begin integration of equa-
tion (18) (i.e., B @ t=0). 1In the mechanical analog Vy_ is
always assumed zero. °

Note: T = D'Alembert Force Due To
Applied Acceleration On Liquid CM

\ Xa' Applied Acceleration

FIGURE III-4. INITIAL DIRECTLON OF ET

Figure II1I-4 delineates, for two initial cm locations, the
initial direction, B,, of the unit tangent vector, er. From
kinematics we know that the velocity vector of the fluid cm
must initially have a component in the direction of the
D'Alembert force, F., This is equivalent to writing:

~

Ty - F o= [5g] |F| cosy 20 (19)
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y
The D'Alembert force, F, can be shown to have the same direction
as the negative of the applied acceleration,

-A
= —= (20)
| %]

1 R

l

The inequality in equation (19) can only be satisfied for

0°< |7 | €90°. 1In the mechanical analog, if ¥ = 90°, the fluid
will not move since it is required to move on the constraint
surface. Determination of the value of By requires some addi-
tional information which is provided by the following equation.

ET-€E=0 (21)

Equation (21) states that the tangent vector must be perpendi-
cular to the normal vector at the initial fluid cm location.
The simultancous solution to equations (19) and (21), recalling
equation (17), provides the initial value of B8 .

1. Fluid Force Determination - The constraint force A
(inertial reactive) is determined by performing a vector dot
product on equation (11) with the unit outward normal vector,
?NO. Where

- VE
N T 1=
o |7 g
- . V2
o . 4 e .3 + e . ° I Y
eN, Aa - VT ( eN, eT) 7? ( eN, (( eN, X eT) X eT))
- ~ (22)
(eNO')\) (eNo'f>
Note: ENo . ET =0 .... they are perpendicular,
ENO - =0 .... they are perpendicular,
ENo - (( ENO X ET) x‘ET) = -1 .... they are parallel and

in opposite directions,
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eN, ° A = - .... assuming that the inertial reactive
force acts opposite the outward
normal.

Hence, equation (22) reduces to:

2
= ry Ve - A
(en, - A) - _p_T " (23)
v2 - =
or A=MF[_P_T-(eNO-Aa)] (24)

In equation (24) A is assumed to act opposite the outward
normal vector to the constraint surface. If, in fact, it

should act in the same direction as the outward normal vector,

A will have a negative sign. For example, at t=0, when V=0,
this condition occurs. This indicates a load relief on the
propellant tank and represents the actual phenomena that occurs,
provided the fluid is initially oriented due to some initial ac-
celeration gradient and is not initially in zero-g.

The viscous dissipative force, f, is a real unknown. Its
characteristics are not well-defined, but previous investiga-
tions (Reference 3) indicate that significant parameters may
be kinematic viscosity, characteristic length, and gravita-
tional environment. The mechanical analog represents f as a
function of velocity, Vp, and the inertial reactive force, A

f=u|X|+ ’IITITl i op,n 2 0 (25)

The parameters @ and 75 are variables input to the model.
Their values may be approximated from test data or by consid-
eration of the fluid properties and tank construction.

2. Additional Equations - The radius of curvature used
in equation (16) can be determined from the elliptical surface
equation.

E = aY2 + cZ2 - 1 =0, Constraint Surface (26)
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Solving equation (26) for Y:

2
_ 1l - cZ 5
Y = [———:;"——] @27)

The radius of curvature is defined as,

p = ABS > , evaluated at the (28)
a7y cm location (y,z)

Similarly, p can be defined as follows,

-]

p = ABS dZZ , evaluated at the (29)
- cm location (y,z)
dYy”

In addition to the equations developed above, some other
position variables are desirable for programming purposes. In
particular, the fluid cm position (y,z) in the tank body sys-
tem is needed. The initial location (@ t=0) is determined by
a Newton Raphson iteration on fluid volume in subroutine FLUDCG,
based on an initial acccleration ficld. Once integration of
the equations of motion begins, the fluid cm location can be
determined from the surface equation, equation (26), and the
instantaneous tangent vector, €T. Recalling the definition
of T and ¥ E, we can write:

=

- v

ol

T =0 =aY cosB +cZ sin (30)

cZ
therefore, Y = - : TAN B (31)
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Combining equations (26) and (31) , we can solve for Z.

1 2

o <C:2 TAN2,8 + c> >

In equation (31), B is a state variable determined by integra-
tion while a and c are the ellipsoidal surface coefficients.
From equation (27) we can define Y in terms of Z. Therefore,
equations (27) and (32) define the magnitudes of Y and Z.

Their signs are initially determined by subroutine FLUDCG and
then determined by tracking fluid c¢m crossings of the Y7 and

2T axes.

The polar location of the fluid cm can now easily be de-
termined as follows (Figure ILI-1).

R = [Yz + zz] % (33)

b = ARCTAN (;Z{) (34)

The desired output of the mechanical analog is the time
history of forces exerted on the tank and supports by the
moving fluid. Equations (24) and (25), X and £, define the
forces acting on the fluid cm. These forces must be trans-
formed to those acting on the tank for comparison with test.
In Chapter II, the test configuration was identified. It
should be noted that the force measurement system, load cells,
measures not only the forces exerted by the moving fluid but
also inertial forces due to the tank and support structure
mass. To facilitate the comparison between test and analyti-
cal results, these inertial forces have been included in the
mechanical analog. The forces and moment (in the tank body
system) corresponding to those measured in the tests may be
expressed as follows

FY = £ cos 8 + /\eNoj - Aj MS (35)
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= i 4+ A -
FZ = f sin 8 eNoj Ak MS (36)
MX = (f sin 8 + A eNOk) Y- (fcosB + 2 eNoj) Z (37)
where: MS = mass of tank and support structure,
1 eN,.> ©N,, = components of the unit outward normal
] k vector,
- _ A
Ny = eNo; J + ®Noy k

3. Summary of Equations to be Solved

. . ov o-zf - .
State equations: Vg = Hp Aj cos § - A sinf (38)
g=1r (39)
P
v2 - =
Force equations: A= M‘F [_ﬁl - (en. Aa)] (40)
f=#lz\l+ anTl; pw,m = 0 (41)
FY = f cosfB + A eNoj - Aj MS (42)
FZ = £ sin B + X eNg, - A M, (43)
MX = (f sinf + A eNok) Y~ (fcosB + A eNoj) Z  (44)
qy 2]3/2
1 (£
Additional equations: P = ABS || (dz) 45)
d2Y
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1 2
Z = 5 (46)
—Cé- TAN? 8 + ¢
- 2 15
[ L
R = LY2 + 22] ‘ (48)
z
® = ARCTAN <§> (49)

B. COMPUTER PROGRAM: LAMPS (LARGE AMPLITUDE SLOSH)

The equations presented in the previous section have been
implemented for computer solution. The program, LAMPS, has
been written in Fortran IV compatible with the MSFC Univac
1108. Several subroutines from the existing FORMA (Reference
4) library at MSFC have been used in addition to those devel-
oped under this contract. LAMPS provides time history plots
of forces for comparison to test data in addition to detailed
printouts of state and position variable time histories which
track the liquid cm as it moves through the tank.

1. General Comments on the Computer Simulation - Figure
I1I-5 delineates the general motion of the liquid cm through
the tank on the constraint surface,

The liquid travels on elliptical segments that approxi-
mate the constraint surface. When the cm deviates from the
constraint surface more than an allowed distance, ithe ellipse
is updated in order to rcturn the cm to the constraint surface.
The criteria for updating is expressed as follows:

ABS (R(cm) - R(cs)) > (LCRIT%éiz(cs))) (50)
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Tank Inclination Angle

Constraint
Surface

*Elliptical

Coefficients Updated Initial Liquid

CM Location

=1

Inertial
Reference

. J

FIGURE III-5. MOTION OF LIQUID CM IN COMPUTER SIMULATION
(EXAGGERATED) .

distance from the tank coordinate system origin
to the fluid cm (Figure III-5)

where: R{cm)

R(cs)

distance from the tank coordinate system origin
to the constraint surface based on the fluid
cm's current ¢ (Figure III-5)
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CRIT = input criteria to the program expressing the
percent allowable deviation from the constraint
surface based on distance R(cs).

If this inequality is satisfied, the ellipse approximating the
constraint surface is updated. The update is performed using
the current fluid cm location and a point on the constraint
surface in the direction of fluid motion (represented by points
labeled "u'" in Figure III-5). In matrix notation, the updated
elliptical coefficients, a and ¢, are defined as follows from
the general equation for the ellipse (equation 26):

a y(cm) z(cm) -1 1
Lt - X e
y(u)  z(u)

The applied accelerations, AYI and AZI, initiate and
maintain the motion of the fluid c¢m. These accelerations may
be input to the program as constants or as functions of time.
The only restriction to the input values is that AYI must not
equal zero at time zero. If AYI is zero at time zero, the
fluid cm will not move and the program will terminate execu-
tion.

2. Components of the Simulation Program - Figure III1-6
presents a general flow chart of program LAMPS. The function
of the subroutines used in LAMPS is detailed below.

SURF: Defines the constraint surface table by analyti-
cally rotating the tank in a one-g field and storing the posi-
tion of the fluid c¢m. The tank is assumed axis-symmetric,
hence, SURF only rotates the tank through 90°. The table is
stored as values of R(cs) for given & values (calls FLUDCG).

FLUDCG: Defines the initial fluid cm location (tank body

system) assuming AYI = 0. g, AZI = 1., g, and accounting for
tank inclination angle 8X. FLUDCG works for general cylindri-
cal tanks with hemi-ellipsoidal domes; i.e., in the limit
cylindrical tanks and spherical tanks. A planar free fluid
surface is assumed and FLUDCG moves this surface around until
the calculated fluid volume (through numerical integration)
cquals the desired fluid volume within a given tolerancce. The
free surface is always aligned parallel to the inertial plane,
I-J (Figure III-5).
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ECOEF: Determines the ellipse which best approximates the
constraint surface in the region of the fluid e¢m. ECOEF also
checks to see if the ellipse needs updating based on the update
criteria and updates if required.

ETAN: Defines the instantaneous unit tangent vector, ET,
to the elliptical approximation of the constraint surface.

LOCATE: Determines the location of the fluid cm, y and z,
after the fluid begins to move. The location is determined from
the surface equation (equation 26) and equation(30)as shown in
equations (27) and (32).

YDOT: Defines the derivatives of the state variables, Vg
and B , for use in the integration routine,

RKADAM: Integrates the equations of motion (defined in
YDOT) using a fourth.order Runge Kutta (Gill modification)
algorithm.

IQUAD: Fortran Function which determines the quadrant
of B .

OUTIPT: Prints the results of the analytic simulation at
the time increments specified.

TIMPLT: On option, plots time histories if Vg, Vg, 8, 8,
¢ , FY, FZ, and MX. 1In addition, TLMPLT plots the fluid travel
through the tank, Z vs Y.

In addition to the above subroutines, which were written
under this contract, the following FORMA (Reference 4) subrou-
tines are also used: COMENT, INV5, PAGHED, PLOT1, PLOTSS,
READ, SMEQl, START, TERP1l, TERP2, VCROSS, VDOT, WRITE and
ZZBOMB. .

3. Input Format - The input format for LAMPS is defined
below as well as the definitions of the input and output varia-
bles. Sample input and output as well as a program listing
are provided in Appendix B.
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o 2 AR A AL S AR I LI 2 2R 222 2 AL T T T TR T LT Y TR Y X T Y T PR earearereny 2 ¥ THY ¥
C INPUT FORMAT

C - o

Cl000 REAU(AGYI49e3A6) RUNNOJUNAME

C It (RUNNO+EQ.4HSTOP)STOP

C KEAD (12A0) TITLEL

C READ(12A0) TITLEZ

Cc HEAD (6E10U,3) XLeTHeTDyPCVOLs THETAXSFDEN

C READ(615) NRINTHET ¢ NTAB| Es IPRINTyNPRINToNPLOT

C REAU(4E10.3) VXXeCRITJUELTAT9ENOT

C READ (4E10,.3) AYIoAZ]I ¢ XMU g XNU9 SMASS

Cc CALL COMENT COMMENT CARUSs LASI CARD 10 ZEROS COLUMNS 1=-10

c IF (AZT aEWe9990 ¢ ORGAYI bW, 999, )CALL READ (ACCELSNAeNCoK]1 o 3)

C IF (NTABLEWLE«Q)CALL READ(TABLEINTABLESNCTIK1s2)

c 60 T0 1000

C

o

C DEFINITION OF INPUT VARIABLES

c - P R T e T e D P g

C RUNNO = RUN NUMBER PRINTED IN PAGE HEADING,

C TiTiel = TITLE cARD PRINTED IN PAGE HEADING,

C TITLEZ = TIILE CARD PRINTED IN PAGE HEADING,

C XL = LENGTH OF PROPELLANT TANK CYLINDRICAL SECTIOUNe (L UNITS)

C TR = TANK RADIUS, (L UNITS)

c To = HEIGHT OF TANK DOME FROM TOP OF CYLINDRICAL SECTIUN. (L UNITS)

C PCVOL = PERCENTAGE TANK FILL JLE. 100,

C THETAX = ANGLE (ANK IS MOTATED AROUT X=aX1S IN INEKTIAL TRIAD, (DEGREES)

C FULEN = PROPELLANT NDENSITY, (F UNITS®SEC##2/L UNITS##4)

C NR = NUMBER OF RADIAL INTEGRATION INCREMENTS ON TANK RADIUS FOR

C DETcRMINING TANK CGe+ SUGRGEST NR= 50,

C NTHET = NUMBER OF ANGULAR INTEGRATION INCREMENTS ARQUND TANK

c , CIRCUMFERENCE FOR DETERMINING TANK CGs SUGGLEST NTHET=z 50,

C NTABLE = Uy wEAD IN A TABLE DESCRIRING CONSTRAINT SURFACE (PHI VS R).
= -

: Vv YBBE fbhe BETANG ANatETRESMYETEIS SRVETRMMLESVLOSE

c UF PHI FROM 0 TO 90 DEG, (NeGT,0,LEL20,)

C IPRINT = 1, NORMAL PRINTOQUT,

C 2s rULL CHECKOQOUT PRINTOUT,

C NPRINT = LaAaMPS WILL PRINT EVERY NPRINT(TH) TIME POINT,

C NPLOT = 0s NO PLOTS WILL BF GENFRATEUD.

C = le GENFRATE TIME HISTURY PLOTS OF VTDOTsVTI+BETADOTeBETA,

Cc FYoFZaMX AND FLUID POSITION Y VS Z.

C VXX = ITERATION CUTOFF (RPERCENT FLUID VOLUME) FOrR INITIAL CALCULAT=-

C ION OF FLUID COGe SUGGEST VXX= 2,0,

C CRIT 2 UPDATE CRITERIA o« PERCENTAGE UEVIATION FROM R(TABLE) ALLOWFD,

C IF /ZR(ACTUAL) = (TABLE) /.67, (CRIT#R(TABLE)/1004) UPULATE,

C DELTAT = TIME INCREMENT FOR INTEGRATING THE FEQUATIONS OF MOTION, (SEC)

C ENODLT =2 TIMe CUTOFF FOK PRNLRAM TERMINATION, (SEC)

C AY] z APPLIEU Y ACCELERATION IN INERTIAL TRIAV«(L UNITS/SECH®?)

C MUST NOT EQUAL O,

C = 99Y,4READ IN TIME HISTORY ACCELFRATION TABLE,. (ACCEL)
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IV. TEST/ANALYTICAL CORRELATION

This chapter presents a discussion of the test results and
provides a comparison of analytical predictions with test data.
Appendix C presents all measured force time histories along
with those generated by the digital simulation (Program LAMPS)
assuming no viscous dissipative force. In addition, Appendix C
includes a test log which delineates any problems associated
with individual tests and a qualitative appraisal of their
worth.

A, OBSERVATIONS ON LIQUID MOTION

The motion of the liquid observed in the tests adds to the
basic understanding of the manner in which the liquid moves
during propellant reorientation in a tank. In some of the
early work in this area (Reference 5), the applied acceleration
was purely axial. When the liquid interface was initially flat,
it was found that if the Bond number was less than 10, the
liquid reoriented along the tank walls. If the Bond number was
greater than 10, an instability formed in the center of the in-
terface. This instability has the form of a cylindrical column
that travels through the center of the tank to the opposite end.
This phenomena was studied in further detail (Reference 6) by
tilting the tank slightly off-axis from the applied accelera-
tion. These tests demonstrated that the instability will join
the wall flow when the misalignment of the acceleration and
tank is as small as one degree. When the initial interface 1is
highly curved, it was found that the central instability did
not form over a range of Bond numbers from 3 to 450 (References
7 and 8).

In the tests performed for this study, the potential for
the formation of the central instability was present since the
Bond number was large and the initial interface was flat. Two
factors were introduced into the tests to prevent the insta-
bility from fully forming. First, the tank was oriented at an
angle to the axial acceleration for most of the tests (the tank
was oriented axially for some of the tests). Hence, an effect
similar to that observed by Bowman (Reference 6) was expected,
in that the lack of symmetry causes the instability to be dis-
placed toward the tank wall. Surface tension appears to be the
force that causes this displacement of the instability. In
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addition, a lateral acceleration that acted perpendicular to

the axial acceleration was always applied. 1In some of the tests
the slider did not function properly and rather than applying a
lateral acceleration, only a short duration lateral pulse was
applied; this pulse was sufficient to produce the desired fluid
motion; namely, the fluid adhered to the tank wall during reor-
ientation.

In every test the liquid reoriented along the tank wall,
regardless of the tank orientation and magnitude of the lateral
acceleration. For some tests, initial formation of an insta-
bility could be observed (Figure IV-1,3). However, it quickly
joined the flow of liquid along the wall and disappeared. The
leading edge of the flow adhered strongly to the tank wall,
following the wall as it encircled the tank. Apparently, a
small lateral acceleration occurring as the liquid first begins
to move is all that is required to keep the liquid moving along
the wall throughout the reorientation.

As the liquid began to move, the fluid interface remained
relatively flat so the motion appeared as a rotation of the
interface about the tank center. Once the leading edge of the
flow reached the tank dome, the fluid interface began to ac-
quire some curvature. The liquid, in general, overshot its
final equilibrium position, continuing on around the tank, re-
circulating a small percentage of the liquid. Very little
splashing of the liquid was observed, and the leading edge of
the liquid remained attached to the tank wall. During the test
time available, the liquid was observed to reorient, overshoot
the equilibrium position and come to a halt. Subsequent damped
oscillation of the liquid about its equilibrium position could
not be observed due to test time limitations.

A typical test is shown in Figure IV-1. This is test num-
ber 8 in which the liquid volume was 50%, the tank was inclined
at 609 and the smaller of the two axial accelerations was ap-
plied to the tank.

When the liquid velume was 75%, the reorientation of the
liquid was similar to that described above, except that the
ullage assumed the form of a bubble and moved to the opposite
end of the tank. The bubble followed the tank wall as it moved.
Its surface was highly irregular due to the flow of liquid about
the bubble. At the end of the test the bubble had become some-
what flattened and the center of gravity of the liquid had over-
shot the equilibrium position.




FigureIV-1. Typical Fluid Reorientation; Test 8,
50% Fill, 60© Tank Inclination, Az = .045g
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With the manner of reorientation produced in these tests,
a geyser did not form at the reoriented position of the liquid.
Geyser formation was categorized in Reference 7 for purely
axial acceleration. This is another phenomena of propellant
reorientation that is eliminated by a slight off-axis distur-
bance to the liquid flow.

As the reoriented liquid meets the top of the tank due to
a purely axial acceleration, a geyser may be formed that tra-
vels through the center of the tank. Liquid is returned to
the bottom of the tank by this geyser. The conditions under
which a geyser would be expected were categorized in Reference
7. No geyser was observed in any of the tests conducted for
this program. The lateral acceleration caused the liquid to
flow along one side of the tank, eliminating the joining of
the flow at the top of the tank that causes geyser formation.

B. DISCUSSION OF TEST/ANALYTICAL CORRELATION

In general, it is felt that the forces measured during the
drop testing are valid. However, due to the small liquid mass
and low acccleration levels in the test, force resolution was a
definite problem. A study of the test results shows that much
better force definition was obtained with the larger axial ac-
celeration. Lateral forces were much smaller than axial forces
due to the l-g axial load relief at drop initiation and the
larger axial accelerations applied. Hence, the lateral load
cell (#1, Figure II-6) was set at a very high sensitivity in
order to resolve thesec small forces. This high sensitivity
increased the susceptability of the lateral load cell to vi-
brations due to bearing noise, support structure vibrations,
etc. Some of this noise was reduced or eliminated by digital
filtering as discussed in Chapter L. This noise is most evi-
dent in FY for a tank inclination of 00, and FZ for a tank
inclination of 90°. For other tank inclinations the noise is
masked by the relatively large axial loads.

The moment, MX, calculated from measured forces is highly
suspect due to the small ditterences between load cells. Small
errors can completely change the sign and character of the
measurcd moment. It is felt that more meaningful comparisons
can be made between Lest and analytical forces (FY, FZ) than
between test and analytical values for MX.
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Figures IV-2 through 1IV-7 present comparisons of test data
and analytical predictions (FY, FZ) for the large axial accel-
eration (=.09g) and a tank inclination of 0°. Comparisons are
shown for liquid £ill volumes of 10%, 25%, 50% and 75%. In ad-
dition, comparisons of measured and predicted moment, MX, are
shown in Figures IV-4 and IV-6. Figure IV-8 shows comparisons
for 25% liquid fill and a tank inclination of 45°.

In general, the character of the predicted and measured
force time histories are similar. Predicted values of the
force time histories were run assuming several values for 7
(Chapter III, equation 25); n was always assumed to be zero.
A study of the comparisons indicates that the assumed form for
the viscous dissipative force (equation 25) is not optimal for
the simulation. As mentioned in Chapter IIL, the form of this
force is not well known. An in-depth investigation into its
form was beyond the scope of this study, however, indications
are that it may be non-linear.

Observation of the presented comparisons shows that the
predicted force time histories, trend-wise match the measured
time histories. Although, in general, predicted forces are of
higher magnitude than those measured. Increasing =% reduces
the predicted magnitude but also induces time lag which de-
grades correlation. Two possible model improvements will most
likely improve correlation. The first is an improved form for
the viscous dissipative force as discussed above. The second
is the relieving of the constraint that the fluid cm must al-
ways follow the constraint surface. In the initial moments of
the drop, the observed instability (Section A of this chapter)
indicates that the liquid cm actually follows a trajectory in-
terior to the assumed constraint surface. Incorporation of
this capability of trajectory travel and improved viscous force
definition would intuitively improve timing and force level cor-
relation.

The analytic simulation appears to work best for smaller
liquid £ill volumes. This may be intuitive as per the discus-
sion of liquid motion in Section A of this chapter. The simu-
lation assumes that the fluid is a point mass moving on a
constraint surface obtained by slow rotation of the tank main-
taining a flat liquid interface. In large fill volumes (i.e.,
75%) the liquid motion was more characterized by a moving ul-
lage bubble. This is evident in the rigid body type forces
that were measured as shown in Figure IV-7. Liquid motion
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observed for fill volumes from 10% to 50% was more representa-
tive of that assumed in the simulation (see Figure IV-1),

The liquid cm location can also be used in correlating
test and prediction data. LAMPS provides time history cm posi-
tion data which can be compared to scaled photographic records
of the tests. In general, liquid cm location time history cor-
relation was good and indicated the need for some viscous dissi-
pative force to keep the fluid from completely circulating in
some simulation cases. See Appendix B for sample plots genera-
ted by LAMPS.

Overall applicability of the analytical model is considered
to be good. It is felt that improved correlation is possible
with further study of the nature of the dissipative force and
improvements in the allowed liquid trajectories. The test re-
sults are also considered good and it is felt that the measured
forces are valid comparators for the analytical model within a
reasonable degree of accuracy.
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V. CONCLUSIONS AND RECOMMENDATIONS

The concept, used in the analytical model, of a point mass
moving on a constraint surface, yields results which compare
favorably to measured test data for fill volumes up to 50%.
Fine tuning of the analytical model may be achieved by better
definition of the nature of viscous dissipative forces and al-

lowing the fluid cm to move on trajectories interior to the
constraint surface.

1. A study should be undertaken to determine the func-
tional characteristics of the viscous dissipative
force as related to fluid characteristics, fill vol-
ume and tank geometry.

2. The mechanical analog should be modified to allow the
fluid e¢m to move interior to the constraint surface,
dependent on internal fluid bond forces and applied
acceleration fields.

The mechanical analog shows promise for use in the design
of orbital control systems and the design of docking mechanisms.

3. The mechanical analog should be expanded to three di-
mensions and integrated into the general spacecraft
equations for subsequent use in control system and
loads analyses.

The test configuration is capable of providing insight to
the character of liquid reorientation and the forces exerted on
spacecraft by the moving liquid. Force definition is best for
medium fill volumes and larger applied accelerations. Small,
short term lateral accelerations are all that is required to
produce liquid reorientation along the tank wall and to prevent
the development of spout instabilities.

4., Further testing should be conducted to build the data
bank necessary for analytical model verification.
Testing should include various tank geometries; ogive,
conical, etc. In addition, scale propellant manage-
ment devices, baffels, etc., should be incorporated
into the tests.



The possible application of the mechanical analog to
reentry trajectory studies should be investigated for
use on the shuttle external tank and other large reen-
try bodies which may contain significant amounts of
propellant.
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APPENDIX A - EXTENSION OF THE EQUATIONS OF MOTION TO THE
GENERAL SPACECRAFT SYSTEM

This appendix details an approach whereby the tank/liquid
mechanical analog may be included in a spacecraft system of
governing equations. These equations are cast into a state
space framework that can be automated on a digital computer to
provide the basis for both time and frequency domain analyses.
The methodology is presented in the form of interconnected
bodies that have certain constraints which restrict the motion
between the bodies. The bodies could well be a spacecraft,
tank and liquid mass combination. The ensuing discussion des-
cribes some of the salient points relating to both the general
form of the equations and their constraints.

Governing Equations

This general form of the governing system of equations has
successfully been employed by Martin Marietta personnel to
simulate the dynamics of interconnected spinning elastic bodies.
The detailed derivations have been given by Mr. C. S. Bodley
and Mr, A. C. Park.¥*

A canonical first-order coupled set of equations of the
form

M = f (y,t) (A-1)

is employed in the mathematical simulation. The components of
the state vector time derivatives will be further discussed
for the spacecraft/tank/liquid combination. Particular atten-
tion will be devoted to the elemental makeup of the constitu-
ents.

The state equations that govern the coupled vehicle/tank/
liquid motion may be depicted as describing the dynamical

* Carl S. Bodley and A. C. Park: Response of Flexible Space
Vehicles to Docking Impact. MCR-70-2 (Vol. I), Martin
Marietta Corporation, Denver, Colorado, March 1970.



motion of three bodies moving in inertial space. Constraint
conditions are employed to both affix the tank to the wvehicle
and to define the liquid trajectory within the tank. These
equations are stated in the following form.

o M (T

B uf (A-2)

The state variables of the configuration space include
ordinary momenta,{ p} , position and attitude coordinates, p}.
The vector,{ B8 }, contains such items as Euler angles and

inertial position coordinates. The remaining items in the

equations will receive additional attention throughout the
discussion.
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For a given body, k, of the system, the component ordinary,
momenta vector, {p}k, is

pzk - [m]k %u%k (a-3)

Further, there exists a transformation that relates the non-
holonomic velocities, jut , to generalized velocities.

. éT

(.I.)x .

w}; n-k! e

: )

= w = dj -

() u s x
l L)

v | y

VY x 1z ]

where in (A-4) the vector non-holonomic velocities {u} con-

tains the three projections (mx,(uy,wz)k‘ of the angular




velocity vector @ j onto the body fixed axis and the three
projections of the reference point translational velocity

(u, v, w)k onto the body axes. The elements of Yﬁj (i,j =
1,2,3) are direction cosines; the sub-matrix {Y (i,j = 1,2,3)
is an orthonormal rotation transformation relating the atti-
tude of the body fixed axis system to the inertial frame. The
sub-matrix, {W} , is also a rotation transformation; however,
it is not orthonormal since it relates vector components based
on an orthogonal basis to those of a skew basis; namely, the
axes about which Euler rotations are measured.

The mass matrix for body k, appears as
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The kth component of second part of the right hand side of
(a-2), ol {p}k, is further identified as
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The force/torque vector, {G}k contains the external forces and
torques plus any stiffness and damping force that may arise
through connections with the other bodies making up the system.

The constraint equations (third of A-2) are written in
terms of the non-holonomic velocities, {u . The coefficient
ﬂﬂ are obtained from expressions of kinematic constraint and
these same'[b] coefficients are transposed to premultiply the
vector X}, providing constraint forces and torques.

Kinematic Coefficients

This subsection discusses the aforementioned kinematical
relations involving expressions of relative and absolute velo-
cities which lead to the form of the [b} coefficients. The
discussion will focus on two adjacent interconnected bodies.

FIGURE A-1. TWO INTERCONNECTED BODY SYSTEM

The origins of the body reference systems are labeled m
and n, The portions of the body where the bodies connect are
located and labeled p and q.




In general, for each interconnected pair of bodies, there
will be five (5) axis systems or coordinate bases. First,
there will be an axis system fixed to each of the points, m,

p, q, n (see Figure A-1). The fifth axis system is a skew or
non-orthogonal basis comprising direction lines or unit vectors
about which Euler rotations are measured. The Euler rotations
are used to describe relative attitudes between the p and ¢q
frames.

At each connection joint, there will be six (6) components
of relative velocity (three relative Euler angle rates and three
relative translational rates that are measured along the skew
axes) to be expressed

| t I
A8 -7 1R9RP | br-lgd
pm, | no
----- bl e (A-7)
| |
-RPs -RP) RPRqS | Rqu
m gn
|

In (A-7) RE is a (3x3) rotation transformation relating vector
components in the p system to components in the q system. It
transforms from p to q. The transformation Rf is similar, and
note that the product (RpRm Rﬁ) transforms from m to q. The
matrix, 7 l, relates vector components refered to orthogonal
axes to those refered to skew axes. The matrix Smp is a (3x3)
skew symmetric matrix containing components of the vector
positioning point p from m.

0 z -
p yP
S = -2z 0 X A-8
mp P P ( )
y -X 0
p p

Finally, it is pointed out that certain rows from (A-7) consti-
tute rows of b} and other rows of (A-7) are rows of matrix 3B
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APPENDIX B -- COMPUTER PROGRAM LISTING AND SAMPLE INPUT/OUTPUT

The following is a complete listing of program LAMPS and all associated
non-FORMA subroutines. Immediately following the listing are sample input
and output for Test 16. The output is normal and not the full checkout
option. Following the sample printout are the plots generated for this
test case.
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PROGRAM LAMPS (INPUTsQUTRPUT s TAPESSINPUT 9 TAPEG=OUTPUTsTAPELsFILMPL, LAS lu

$TAPEZ2) LAS 12
CHERRUBAD  HPR BRI R BB ER RO PORRBED R RO B GROEHREIODRARBRDER R OR UGS R BRI GO RR NGB RIRNG) A
C LARGE AMPLITUDE SLOSH~= L A M P S «<ANALYTIC SIMULATION LAS
C - L g T} - LAS
c LAS
c LAMPS IS A PROGRAM TO SIMULATE LARGE AMPLITUDE SLOSH OF PROPELLANT LAS
c UNDER THE APPLICATION OF LOW 6 ACCELERATION FIELDS. THE SIMULATION LAS
c IS 2=DIMENSIONAL, THE SIMULATION CONSTRAINS THE F| UID CENTER OF LAS
c MASS TO MOVE ON A SURFACE GENERATED BY SLOWLY ROTATING THE TaANK LAS
c (ANALYTICALLY) IN 1 G AND TRACING THE PATH THE CENTER OF MASS LAS
o PRESCRIBES, IN THE SIMULATION THIS SURFACE IS REPRESENTED BY PIECE LAS
C WISE CONTINUOUS ELLIPTICAL SEGMENTSe UPDATING OF THESE SEGMENTS IS LAS
c PERFORMED TO INSURE THAT THE CENTER OF MASS DOES NOT DEVIATE LAS
c SUBSTANTIALLY FROM THE CONSTRAINT SURFACE., THE Paoenen OUTPUTS LAS
c PARAMETEKS WMICH TRACE THE FLUID CENTER OF MASS AS IT MOVES IN THE LAS

TANK IN ADDJTION TO PRINTING TIME HISTORIES Or THE FORCES EXERTED LAS
E BY rné FLUI%"%N THE TANK, £ € € LAS

Q.#ﬁ##ﬁ##i%##*#6&&#6###0#9%0###66##0G###iﬁ###G%h.ﬁl&&“&##“##G*b#&#iﬁb##“#*'#tAg
E CODED BY RL BERRY FALL 1974 UNDER NAS8=30690 A

CRONRUUB AR RE BBV RN BB R DRD RN OB R RO RN BOFHBBGBRRRER NP I OR BB RER RV UER BB RBapRpaRtadRe] AS
CHH N R G I R TR BB G RIBR R RSB B IR BT E I BORBCR R RREIRIB RN RER DR R B RON Ve gadetoe| AS

¢ MARTIN MARTITETTA AEROSPACE LAS
Cii*i.ﬁi&ib#iiﬁ##QQQGI‘&Q#QQQGGQ-I&OGQ%QGQ&ﬁGQQ'QG#QQQQQ«}#*QGiQ##ﬁ#’.&&#ﬁa#“ﬁ#“*LAS
C  INPUT FORMAT LAS
C CYX T T L TOF Ypepey LAS
Cl000 REAU(AGL]493A6) RUNNO¢UNAME LAS
c IF (RUNNOEQ44HSTOPR)STOP LAS
c READ (12Ab) TITLEL LAS
C READ (124A0) TITLE2 LAS
o READ (6E1Ve3) XLsTReTD9PCVOL 9y THETAXsFDEN LAS
c KEAD(6]S) NRoNTHET 4 NTABLE s IPRINT ¢ NPRINTNPLOT LAS
C REAVD(4E10,3) VXXsCRITWDELTATLENOT LAS
c READ (4E1043) AYToAZI 9 XMU9s XNU»SMASS LAS
c CALL COMENT COMMENT CARDS, LAST CARD 10 ZEROS COLUMNS 1=10 LAS
C IF (NTABLE «LFe0)CALL READ(TABLEINTABLEINCT K1) LAS
C GO TO 1000 LAS
C LAS
C LAS
C OEFINITION OF INPUT VARIABLES LAS
c LT L T 1 TSRy Y TRy P LT L L L TN ey ) LAS
C RUNNV =3 RUN NUMBER PRINTED IN PAGE HEADING,. LAS
C TITLel = TITLE CARD PRINTED IN PAGE HEAUING, LAS
C TITLEZ2 = TITLE CARD PRINTED IN PAGE HEADING, LAS
C Xt s LENGTH OF PROPELLANT TANK CYLINDRICAL SECTION. (L UNITS) LAS
c TR = TANK RADIUS, (L UNITS) LAS
c To a HEIGHT OF TANK DOME FROM TOP OF CYLINORICAL SECTION, (L UNITS) LAS
C PCVOL = PERCENTAGE TANK FILL «LE. 100, LAS
C THETAX = ANGLE TANK IS XOTATED ABOUT X=AXIS IN INERTIAL TRIAD, (DEGREES} LAS
C FDEN = PROPELLANT DENSITY, (F UNITS®SEC##2/1 UNITS##4) LAS
C Nk = NUMBER OF RADIAL INTEGRATION INCREMENTS ON TANK RADIUS FOR LAS
c DETERMINING TANK CGs SUGGEST NR=z 50, LAS
C NTHel NUMBER OF ANGULAH INTEGRATION INCREMENTS AROUND TANK AS
¢ = NUHEERFRREANRUEOR ARTERRANIQN TNGREMENT AEQ4NO\TANS . s0. a3
C NTABLE = 0y READ IN A TABLE DESCRIBING CONSTRAINT SURFACE (PHI VS R). LAS
c = Ny LAMPS WILL DEFINE AN AXIS~SYMMETRIC CONSTRAINT SURFACE LAS
C TO BE STORED IN A TABLE AS PHI VS R WITH NTABLE VALUES LAS
C UF PH] FROM 0 TO 90 DEGe (NaGTo0elLEe204) LAS
C IPRINT = }4 NORMAL PRINTOUT, LAS
c 2y FULL CHECKOUT PRINTOUT, LAS

ORIGINAL, PAGE
OF POOR QUALm'Ig




OO COO0OCODOONOCOO0D OO0 00 OO0 OO OO Q0 Q0 OO0 ACOOn 00

NPRINT
NPLOT

VXX

CRIT

DELTAT
ENDT
AY1

AZl

XMU
XNU

SMASS

ACCEL

TABLE
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LAMPS WILL PRINT EVERY NPRINT(TH) TIME POINT.

0y NO PLOTS WILL BE GENFRATEO.

l¢ GENFRATE TIMF HISTORY PLOTS UF VTDOTsVTsBETADOTeBETA,
FYsFZ9MX AND FLUID POSITION Y VS Z.

ITERATION CUTOFF (PERCENT FLUID VOLUME) FOR INITIAL CALCULAT=

ION OF FLUID CGy SUGGEST VXX= 2.0,

UPDATE CRITERIA 3 PERCENTAGE DEVIATION FROM R(TABLE) AL{OWEDe

IF /ZR(ACTUAL)=R(TABLE) /,GT ,{CRITAR(TABLE)/100.) UPDATE.

TIME INCREMENT FOR INTEGRATING THE EQUATIONS OF MOTION, (SEC)

TIME CUTOFF FOK PROGRaM TERMINATION, (StC)

APPLIEV Y ACCELERATION IN INERTIAL TRIAD.(L UNITS/SEC®#2)

MUST NOT EQUAL 0,

9994 9sREAD IN TIME HISTORY ACCELERATION TAKLE.(ACCEL)

APPLIED Z ACCELERATION IN INERTIAL TRIAL.(L UNITS/SEC##2)

999, 9READ IN TIME HISTORY ACCELERATION TABLE. (ACCEL)

COtt, WHICH RELATES FRICTION FORCE TO INERTIAL FORCE,.(N,D,)

COEF. WHICH RELATES FRICTION FORCE TO CENTER OF MASS

VELOCITYs (F UNITS#SEC/L UNITS)

STRUCTURAL MASS ASSUMED INERT AT CENTER OF TANK TRIAD,

SMASS IS TANK STRUCTURE MASS AND IS USED IN CALCULATING

FORCES FOR COMPARISON WITH TEST DATA.(F UNITS*SEC®#%2/L UNITS)

MATRIX OF ACCELERATION TIME HISTORIES REAUL IF EITHEK AYI OR

AZ1«EQ+999, OTHER VALUES OF EITHER AYI OR aZI WILL OVERRIDF

TABLE VALUES. MATRIX IS AN NA X 3 ,COLUMN 1 IS TIME (SEC)»

COLUMN 2 IS AYI, COLUMN 3 IS Als (L UNITS/SEC*#2)s NAGLE.20,
AYI MUST NOT EQuUAL 0, AT TIME= 0,

CONSTRAINT SURFACE TABLE NTABLE X 2 o NTAHWLE DEFINED IN
CALL READe. COLUMN 1 IS CENTER OF MASS LOCATION PH] (DEGREES)»

COLUMN 2 IS CORRESPUNDING DISTANCE FROM TANK TRIAD ORIGIN
R (L UNITS), NTAHLE.LE,20,

DEFINITION OF QUTPUT PARAMETERS

TIME =
viboil =

>
-
-
-
~
]

b
X

—
']

AYeAL =

ACOs(CCO=

RHO =
TANGENT=
NORMAL =

FYsFL

"

MX =

KEY]

SIMULATION TIMEe (SEC)

FLUID “M ACCELERATIONe (L UNITS/SECH##2)

FLUID CM VELOCITY. (L UNITS/SEC)

ANGULAR VELOCITY OF VELOCITY VECTOR., (DEGREES/SEC)

ANGLE THE VELOCITY VECTOR MAKES WITH THE TANK TRIAD Y aAXIS
(DEGREES ¢GE 0o elLES3060,)

FLUID CM LOCATION IN TANK TRIAD, (L UNITS)

RADIAL DISTANCE FROM TANK TRIAD ORIGIN TO rFLUID CMe (L UNITS)
FLUID CM LOCATION AS ANGLE MEASURED FROM TANK TRIAD Y aXxIS
YO RADIAL VECTOR R, (DEGREES)

APPLIED ACCELERATIONS AYI AND AZI TRANSFORMED T0O THE TaNK
TRIAD, (L UNITS/SEC®##2)

COEFSe IN ELLIPTICAL SURFACE EQUATION FOR THE ELLIPTICAL
SEGMENT REPRESENTING THE CONSTRAINT SURFACE. (Nl.D,)
ACORY®a2eCCOEZ%u= |,0

RADIUS OF GYRATION UF THE ELLIPTICAL SURFALE AT XeYeZ,

(L UNITS)

J AND K ARE COMPONENTS 0OF THE INSTANTANEQUS UNIT TANGENT
VECTOR WHICH IS THE DIRECTION OF THE VELOCITY VECTOR. (NeD,)
J ANO K ARE COMPONENTS OF THE INSTANTANTANEOUS UNIT NORMAL
VECTOR TO THE ELLIPTICAL SEGMENT, (NeD,)

FORCES EXERTED ON TANK SUPPOKRTS DUE TO FLUID MOTION AND TANK
STRUCT, INERTIAL FUKCESy IN TANK TR1IAD. (F UNITS)

MOMENT EXERTED ON TANK SUPPORTS DUE TO FLUID MOTION, IN
TANK TRIAD, (L UNITS®*F UNITS) :

Oy MODEL FRFE 710 UPDATE ELLIPTICAL SURFACE AT wWILLe

19 LAST UPDATE PERFORMED UNTIL HETA ENTERS A NEW QUADRANT,

ORIGINAL PAGE IB
OF POOR QUALITY|

LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAD
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
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FLUID €M 1S OUTSIDE TANGENT TO CONSTRAINT SURFACE AT LAS

o
c AXIS INTERCEPTy HENCE NO UPDATE 1S PERFURMED, LAS
c = 29 LAST UPDATE PEKFORMED UNTIL BETA ENTERS A NEW QUADRANT, LAS
C FLUID CM EXCEED CRIT CRITERIA AND IS WITHIN 20 DEGREFS LAS
¢ UF AN AXIS INTERCEPT, LAS
c = 39 LAST UPDATE PERFORMED UNTIL BETA ENTERS A NEW JQUADRANT, LAS
c FLUID CM EXCFEDS CRIT CRITERIA BUT IS WITHIN | DEG OF LAS
C AXJe INTERCEFTe HENCE NO UPDATE IS PERFORMED, LAS
cC KEYZ = 0y NO UPDATE WAS PERFORMED AT LAST TIME POINT, LAaS
c = lo UPDATE WAS PERFORMED AT LAST TIME POINT, LAS
C NGB = QUADRANT OF THE ANGLE BETA,(l10293+4) LAS
C NGF = QUAURANT OF THE ANGLE PHI.(1929394) LAS
c LAS
c LAS
C NOTES LAS
C - anwn o th
C 1) TrE UNITS OF THE OUTPUT PARAMETERS ARE DEPENDANT ON THE UNITS OF LAS
c THE INPUT PARAMETERS. EITHER METRIC OR ENGLISH UNITS MAY BE USED, t:g

c
C 2) L UNITS = LENGTH UNITSe IN'FT4METERSsCMy ETC, LAS
C F UNITS = FORCE UNITS)» LEBeKGyGRAMS» ETC, LAS
c ALL TIME UNITS ARE SECONDS. LAS
c ALL ANGLE UNITS ARE DEGRFES. LAS
c LAS
C 3) L(BOMB ERKORSe= LAS
C NERROR=l¢ SUBROUTINE FLUDCG FAILED TO CONVERGE. LAS
(o} 2y AYI= 0, AT TIME= O, LAS
c LAS
C 4) SUBROUTINES CALLED BY LAMPSe~ SURFeFLUDCGSECOEFsETANILOCATE,YDOT, LAS
¢ RKADAM IQUAD s OUTPT» TLMPLT LAS
& FURNATSYERRY {MRB3 5 VERBENTVANYSLROTEND2BLRL ! 1 PLOTSSREAD I SHEDL kA2
AS
€ £ag

L2} &% L J L X J [ X X2 X2 XXX ) * L 'Y X J
o S RnORs TANIAL s TR T S PEUSL AR S IRDERTURARKIVRLUEE oo e e e e oo LS LAY
3

O O R T AT 1A S N0 R AREY Lo KEYE 0L URK (2) » PRK (4) tﬁg 29
CUMMON/TIMESS/STARTYIDELTATIENDT 9 ToTMST AS 509
DIMENSION TABLE (2092) sACCEL (2043 LAS 60
DATA NITeNOT/Ss6/ LAS Tu
CALL BPLT(2HNBs2HLC) LAS 75
Kl= 20 LAS 80
NUls ] LAS 90
NUZ2=2 LAS 95
999 CALL START LAS 100
HEWIND NU) LAS 110
REWIND NUZ2 LAS 115
CQCQQ&*Q&QQQOG“#QQQGQQQQ##QQQQQ%(HNH&Q.QQO&OGQOQQO.Gbiﬂﬂt.i.%*&’&i.i'#ﬂ#QOLAS 120
C INPUT DATA StCTION LaAS 130
RSB B S AN R TG G R R G Al IR R R R PRR ROV RDE QRO RRP R IR R R IORRRRURIRCQRPRRRRIPRIORRORRBL AS 140
c LAS 150
READ(NIT»1000)XLoTRyTDsPCVOL s THETAXFDEN LAS 17V
ConneaREAD CONTROL AND INTEGRATION PARAMETERS#¢ssastsasnasanantovaansnaelAS 180
READ (NIT9l01U)NRyNTHEToNTABLE s IPRINToNPRINTINPLOT LAS 19V
READ(NIT»1000)VXXsCRITsDELTATHIENDT LAS 200
Coannait A APPLIED ACCELERATIONS AND FRICTION FORCE COEtFS%easssspascnanalAS 210
READ(NIT9i000) VXXyCRIToDELTATLENDT LAS 200
READ(NITol00U)AYIoAZI s XMU®XNUySMASS LAS 220
c LAS 230

COouaRPRINT INPUT DATAGRGOISI4042 0000000000 800800000R000RLaRtesraaRranlAS 200
CALL PAGEHD LAS 25¢
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i{sg 8{:5 ?8;XLQTR’TDQPCVOLQTHETAKOFDEN’NR,NTHETOVXX’NTABLEQ tﬂg

4 PRINT NPR{NTONPLOT!SNASS'CRIT’DELTATOENDT'AYIOAZI!XMU!XNU LAS

LL COMEN LAS

1t (AYIQE\J-9°9000R Al EU.9990)CALL REA CELYNAINCIK1¢3) LAS
cou#ﬂﬁ##&vao#u&#&96»6»&9&# HREPBRRBBoBUGoOT RS BOBBOLRRGOBRGORIOR BRG] AS
C INITLALIZATION SECTION LAS
LA Al T R AR AL L A L R L e L T R L L L T Ly e S X
1P= 2 LAS
IF(IPQINTOGTQI)Ipz 1 LAS

C FIND FLUID CONSTRAINT SURFACE LAS
IF(NTABLESGTe")G0OTO 5 LAS

CALL READ(TABLEYNTABLE ¢+NCTeK142) LAS

VU 6 I=]1sNTABLE LAYS
TABLE(I o1 )=TABLE (J91)#2,93,141592654/360, LAS

6 CONTINUE LAS
6OTo 7 LAS

5 CALL SURF (NReNTHETsVAXsNTARLFTABLEK]1yIP) LAS

C FIND INITIAL FLVUID C6 LAS
7T THETA=THETAX/57.2957/9% LAS

I (THETAARGNF+999,) GO TO 10 LAS
RﬁAD(NIT!lOOO)GY'G LAS

GXA= 0,0 LAS

6V TO 20 LAS

10 GX= 0,0 LAS
GYs= SIN(THETA) LAS

6= COS(THETA) LAS

20 CalLL FLUDCG(GOX9GYsGZINRINTHET+VXXoeXoYeZoeIEsl) LaS
WHITE (NOT92020) LAS
IF(IE.NE.V)CALL ZZHOMB(S5HLAMPS+1) LAS

X060 LAS

C FIND ELLIPTICAL SUKFACE WHICH APPROXIMATES CONSTRAINT SURFACE LAS
CALL ECOQEF (X9YoZsACOYCCOWNTARLE s TABLEsK1 9l oCRIT) LAS

C FIND APPLIED ACCELe IN TANK TRIAD AT T= 0, LAS
T= 0,0 LAS

KEY3= 0 LAS

KEYe= 0 LAS

IF (AYJ NE«999.)GO TO 30 LAS

KEY3a= ] LAS

CALL TERPI(ACCEL(191)9ToACCEL(192)9AYIoNAvlsloKlol) LAS
IF(AYJeEWa0,0)CALL ZLZBOMB{(SHLAMPS,2) LAS

30 IF(AZIWNEL999,)G0 TO 40 LAS

Kb Yez= ] LAS

CALL TERMI(ACCEL(191)sToACCEL(193)9AZJeNAsLloloKlol) LAS

40 A(l)= 040 LAS
A(2)= AZI#SIN(THETA)+AYI®COS(THETA) LAS

A(3)= AZI#COS(THETA)=AYI&SIN(THETA) LAS

IF (ABS(Y) «GTe,001)G0T0O 15 LLAS
IF(Y.GT.UCOOAND.AYI.GT.OQO)Yg.lo.v LAS

IF (Yol TeUsOoANDoAYI elT a0 4U) Y=za] Y LAS

15 IF(ABS(Z) e6T,4,001)G0TO le LAS
IF(2eGTalUoa0oANDaAYI QLT 40,0)2z=] 87 LAS

IF (ol ToeUe0oANDeAYI JOT 0, 0) Z=a]l 27 LAS

16 CONTINUE LAS

C UEFINE DIRECTION OF FLULD CG VELOCITY VECTOR LAS
vTi=0,0 LAS

CALL ETAN(ACOSCCOsYsZsA(2)0A(Y) 9GeHIVT) LAS
CoanaadPrINT TANK AND FLUID VOLUMES AND FLUID MASS#adbsatdesssosvoasnpnsnntl AS
Catl PAGLEHD LAS
SRITE(NOT92030) VTANK s VFLUIDFMASS t:g

C INITLAL CONULTIONS Las
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BETA= ATANZ (HeG) _
IF(BETALLI0,0)BFETA=2,%3,1415926%54+HETA
BETAQ= BETA
K= (Y##2+ 8ag)yan) 5
IF(ABS(Y) 46T.1.E=20)6G0 TO 45
IF(L.GE+Ve)PHI= 3,.141592654/2,

lF (Z.LT.oo)pHI= '3.1“159?654/?0

GU TO 46

PHI= ATANZ(ZsY)
IF(PHIoLTa0UIPHIZ 2.#3,141592654+PHI

ENOM= ((ACO#Y)#824 (CCO#Z)#42)au(,5

ENOC(L)= 040

ENO(2)= ACO#Y/ENOM

ENO(3)= CCO®Z/ENOM

PHU= PHI®ST 2957795

IF(PHD eGT o315« ORPHDoLT . 45.)G0O TO 47

IF (PHDeGT o135, ANDPHD4L.Te225%,)G0 TO 47

W Y

CAX= ACO

AKX=E CCO

06U TO 48

W= 7

CAX= CCO

AXX®E ACO

DYz (=1¢®CXX¥W)/(AXX®((],=CXXPWH®2)/AXK) ##045)

UY2=( (=] o#CXX)/ (AXX®{ (]l =CXXRWRRD)/AXXK)I®R() D)) =((CXXOW)#E2,
LOAXX#28 ((] ~CXX#WRE2) /AXX) #0] ,5))

IF (ABS(DY2) 46T 1,E=21)G0 TO 41

KRHO= ] ,E+2]

GO TO 42

KHOR ABS ((l.+*DY®92)8®)] 5/DY2)

CALL VDOT(ENU9ASENOAIDUMyDUMDUM)

FINRZ =]e%FMASS® (ENOA=(VT##2/RH0))

FFRTas XMU#ARS(F INR) ¢ XNU#ABS(VT)

FINRZ =] #FMASS® (ENOA=(VT##2/RHO))

Vil)y= vt

V(2)s BETA

CALL YDOT

KeYl=s 0

KEY2= 0

FL=FFRT#*H+F INR®ENO(3)=a(3)*SMASS

FYaFFRT#G+F INR*ENO(2) =A (2) #SMASS

FMXZ (FFRT®H+FINR®ENO(3) ) #Y=(FFRT#G+F INR#ENO (2) ) #/¢

NuB=s TQUAD(RETA)

IF (YeGTaVeaANDeZ.GE4VUW)
IF (YelLEeVesAND oL, GToU4)
IF(Y el TeOeoAND g2, LELD,)
IF (YeGEaDe o ANDeZ, L. ToUs)
BeTD= BETA®ST 2957795
BETOD=VDT (2)%#57,295779%
WRITE(NUL)T. vDT (1) eV,
2 RHUsGoHIENU(2) o
IF (IPRINToNE2)GOTO 49

CaLL PAGEHD
YRITE (NOT»7001)

«LEOTRAYOL I TORRA T ENA Y T vBETORARE RV s X2 4a b0y

49 n:*l§(NU2)T0VDT(l)oVTvBETDD’BFTDoPHD’YoZvFYoFZQFMX

45
40

47

48

& &
N =

NQF =]
NGWF =2
NQF =3
NQF =4

T
i

Fy

s XeYeZsR

- N

D
sFZeFMX oK

sETDD
ENO(3

’
’

C SETN¥P ﬁARAMtTERS FOR INTEGRATIOM ROUTINE=-=RKADAM
=

STAKTT= 0,0

AEHIRAER RGO

r r
P> >
w

r
- -4
v wn
—

R A e el o o
O OC O OO OO OO0 ©
O UeE L W Wh W v
Cc OCc €O U¥F LN —C

-
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Coatd et tadioat ot sttt ootataoaadtsntRdtddacaaRadtataRdeLastasasanans| AS

INTEGRATION LOOP~==50{ UTION OF EQUATIONS OF MOTION
2222 T T TS A Y L Y R L Y R L TR L LY T L ey O R

c

333

CALL RKAVAM(ZsNT)
NKT=NKTel

C LOCATE FLUID C6G IN TANK TRIAD==Ys2Z

C

C

G=COS(V(2))
HESIN(V(C))
CALL LOCATE (ACO9CCOWV(2)9Ysl)

CALCULATE REQD OUTPUT PARAMETERS

60

61

62
63

via V(1)
seTA= V(2)
IF(BETALLT,0:,0)BETA= 2,%3,141592654+8BETA

KE (Y##2+/lna2)080,.5

PHI= ATANZ(ZsY)

IF (PHIosLTe0s0)PH]I= 2%3,141592654+PHI

ENOM= ( (ACO®Y) 9824 (CCORZ) %¥%2) ##0,5

ENO(2)= ACO®Y/ENOM

ENO(3)= CCO®Z/ENOM

PrHD= PHI®ST 42957795

IF(PHDeGTe315.e0RPHD.LT,,45,)G0 TO 60

IF (PHDeGTe135¢eANDePHD L T¢225.360 TO 60

ws Y

CxX= ACO

AXX= CCO

GU TO 61

w= £

CxX=s CCO

AAX®E ACO

DYZE  («] (HCXX*W)/ (AXX¥( (], =CXXOWRB2)/AXX) #20,45)

DY2RB (=l e#CXX)/ (AXK®((LoemCXXRWER2)/AXX)O80,5) )= ( (CXXSW)BRD,
J(AXX#028 ((] ,~CXXPWHBZ) /AXK)#8],5))

1F (ABS(DYR) ,6T41,E=21)G0 TO 62

RAO= l.E+21

GO (0 63

RHO= ABS((1l,+DY®ap)a®] 5/DY2)

IF(KEY3.6Q.,1)CALL TERPL(ACCEL (1s1)9T9ACCEL(192)9AYIINAsl914K]1,1)
IF(KEY& Ewal)CALL TERPL(ACCEL (lol)oTo+ACCEL(Llo3)9sAZIoNAsLloLleKl,1)
A(2)= AZI®SIN(THETA)¢AYI#COS(THETA)

A(3)= AZI#COS(THETA)=~AYI®SIN(THETA)

CaiL VDOT(ENOsASENOAIDUMeDUM¢DUM)

FINKZ =1."FMASS* (ENOA= (VT#82/RH0))

FFRT= XMU#aBS (FINR) ¢ XNU®ABS(VT)

FLFFRT®H+FINR®ENO (3) =A (3) #SMASS

FYSFFRT®G+F INROENQ(2) =A (2) #SMASS

FMA=S (FFRT#H«FINRSFNO () ) 8Y= (FFRT4G+F INRYENO(2) ) #2

NuBS IQUAU(BETA)

IF (Y 4GV 40eoANDoZ,GE &
IF‘Y.LE OOOAND.ZQGTOO )NGF =

fF Y oBEe 0o ANB: G L6202 NGES

c
L]
b4
[»]
-
n

1}
LW N

STOke DATA UN NULl FOR QUTPUT

51

B8eTD= BETA®#57,295779°
BE TDD=VDT (2)457.,2957795
‘“ITE(NUI)T'VD‘(l)vVTv BETDO+RETDsX9Y s ZyrePHDYA(C)9A(3) 9ACOYCCOY

GQH*SNO 2)oENO(3)9FYIFZoFMXoKEY Lo KEY2oNQB o NQF

2 RH
IF(IPRINT.NE0 ) 6O
WRITE(NOT97000)T4vDT(1)aVT, HFTDD.BETDQK;YOZ;R'PHDvA(2 sA(3)+aC0

“CLUoRHOoGoHoENO(Z)9ENO(3)oFYyFZQFMKOKtYl9KEY£0NUd9NUF FINRGFFRT

WRITE(NUC) ToVDT (1) e VIWBETDUYBETDesPHDOY e ZoFYeFlsFMy
KeYZ=(
IF(T4GELENDTIGO TO 555

LAS

LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LaS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS
LAS

LAS
LAS

LAS
LAS

LAS
LAS

LAS
LAS

LAS
LAS

A3
LAS

LAS

LAS
LAS

£43
LAS
LAS

LAS
LAS
LAS

1070
1080
1090
1100
1105
1110
1111
1112
1120
1130
1140
1150
1195
1160
1170
1180
1190
1200
1210
1240
1211
1211
1212
1213
1214
1215
1216
1231
1218
1220
1230
123}
1232
1233
1234
1240
1250
1260
1270
1280
129v
1300
1310
1340
1350
1360
1370

1380
1390

4yl
1410
1420
1425
142/
1430
tée

4%
1442
1443
1445
1449
1450
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C CHECK TO SEE IF ELLIPSE NEEDS UPNATING LAS

IF (VT LEsU.0)GOTO 70 LAS
IF (KEY1,EW,0)60 Tn S0 LAS
NJd0O= JQUAD(RETAO) LAS
NQAN= TQUAD(BETA) LAS
IF (NQO+EWLNQN) BETAO=BETA o Las
IF (NQOEWaNONIGO TO 333 LAS
50 KEYi= 0 LAS
CALL ECOEF (X9YsZyACOICCOWNTABLE s TABLEIKLs29CRIT) LAS
C IF Kev2=s ] ELLIPSE UPDATED IF NOT RETURN AND INTEGRATE LAS
BETAO= BETA LAS
IF (KEY2.NE,1)60 TO 333 LAS
CALL ETAN(ACOICCOsY2Z9A(2)9A(3)9GyHIVT) LAS
70 IF(VT,GT40,0)60TQ0 75 LAS
VT=0,0 LAS
G=-1.“G LAS
H?-}.'H LAS
KEYi=0 LAS
5 T H AS
7> SETAETATEY26 05 eraz 2.93.141592654+BETA £A3
BETAO=BETA LAS
Vil)=vT LAS
2)= BETA ) LA
¥é(£HD.G}.315.OOR.PHDCLT.‘.SO)Go T0 65 LA
IF (PHDoGT 0135, ANDPHD (LT «225,)60 TO 65 LAS
LI 4 LAS
CxX= ACO LAS
ARX= CCO LAS
GO YO 66 LAS
65 W=z 7 LAS
CXXs CCO LAS
AXX= ACO LAS
66 DYz (=]l PCXX#W)/ (AXX® ((1,=CXXAWRB2)/AXX)#20,5) LAS
DY2 ((=1a®CXX)/ (AXX® ((LlomCXXUWRO2)/AXX) #80,5) )= ( (CXXSW) 882/ LAS
LIAXXR@24# ((] =CXXtWtal) /AXK)#8],5 A
- HPIASE%S é)is?.f.s-zfgso 767645 A3
R 2
60%Fota6* 2! £A3
67 RAQs ABS((l,eDYB#R)##] 5,0Y2) LAS
68 ENOM=( (ACURY)##24(CCOB2) 8#2) 800,5 LAS
NO(2)= ACO®Y/ENOM LAS
NO(3)= CCO®Z/ENOM LAS
Cc IF (IPRINT (NEL2)GOTO 333 LAS
WRIITE (NOT»7V02)T . LAS
WRITE (NOT97000)BETAsGIHIENO(2) 9ENO(3) sRHO VT LAS
GO To 334 LAS
CQQQ#'“QOQQ#&#“#QGOQ“*#9#&#9“06“‘*##Q###QQ#QGQQQQ“G#&#Q%*“#Q&O’O#O##Ooﬁ“LAS
C OUTPUT SECTION LAS
C.QQ#GQ“GQ#u&#Q'6’6##*ow“&‘oﬂ.a“lo6#6##0'0“##&%&“6#4“###dG######“#G###o#LAS
555 CALL OUTPT (NULsNPRINTSENDT) LAS
IF ANPLOT«GT,0)CALL TLMPLT (NKT¢NU2,TR) LaS
6L T0 999 LAS
CﬁoaﬁoﬂaﬂuﬂoﬁcﬂOﬁaaaoooooahnﬁbﬁﬁﬁnno&aa»#60#9&#uo#q##¢o¢#6#¢¢9#0¢¢¢ﬁ¢&¢¢LAs
C FORMAT STATEMENTS LAS

C§'G’.ﬁ*“*!ﬁ‘b‘“#ﬁ“.#*&“il.#.99##09#.iﬁﬁ0“9##6###“###“#“““46*““Q#QGGO#&“LAS

1828 FBRNAT (8549 EA3

2000 FURMAT(///921Xe61HLARGE AMPLITUDE SLOSH == L A M P S == ANALYTICLAS
1AL SIMULATIONY/921Xs H=95Xy3Hommy7XolH=s///9%1Xe19HI N P U T D ALAS
2T A'/oalx,19H##.§»¢0§¢¢9069¢«0&») LAS

2010 FORMAT(//v#lX03HXL=92XQF8.29/941X93HTR=!2X0F802v/QQIX,3HT0892XoFB.LAS
1d0/038X06HPCVOL’.3X9F7.2'/037X!7HTHETAX=!4X9F6.29/039XDSHFDEN=05XOLAS

1460
1475
1470
lagy
1490
1500
1510
1520
1530
1540
1550
1560
15061
1502

1503
1504

1882
E

1600
1605

6l
teth
1611
1612
1613
1614
1615
lolo
1617
1618
1620
1630

fedd
{832

1640
165V

1660
1670
1671
1672
1675
1680
169V
1700
1710
17¢v
1725
173v
174v

1750
1760

$74¢
1790
1800
1810
1820
1830
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ZE9.2,/941K03HNR=02X’159/038X96HNTHET=!2X|IS!/!“OKQ“HVXX=’4X9F6.29/LAS

3’J7X07HNTADLE=02X9150/937XQ7HIPRINT=92XQISQ/'J7X’7HNPRINT=02X9IS;/LAS
49 38Ky THNPLOT= 91XeI59/938X9 THSMASSE s4XeElleds/ LAS
b’SQXvSHCHlT=06K'Fbc29/937x’7HDELTAT=93X0F8.3!/'39X'5HENDT=92X'F9.3LAS
63/940X94HAYI=92XoF 10049/ 940Xs6HAZIZ 92X oF10e%9/960XsSHXMUS 44X, LAS
TELLe@g /990X sDHANUZ 94X0E1Ll (4) LAS
2020 FURMAT(//+17X931Hua#aINITIAL FLUID CG LOCATION®##) LAS

2030 FORMAT(////7/+41TXs30HTANK AND FLUID CHARACTENISTICSs/917X915(2Hem) oLAS
17917 X9 14HTANK VOLUMES 4Fll,4,2Xs8HCU UNITSe//916Xe1SHFLUID VOLUMELAS
€=  sF11.492Xe8HCU UNITSe//918Xs13HFLUID MASS= tF11a92Xs1THF «SFCLAS
3w/ vy ) L.AS

TOUO FORMAT(SKe12E10439/95X010E10,304159/05X92E10,.3) LAS

TUUl FURMAT (//920Xs23HFULL CHECKOUT PRINT OUTe//+5Xs 19HORDFR OF PRINT OLAS
aur oSOHToVTDOTvVToBETADOT'BETA.X.Y’Z'RvPHIQA(2)0A(3)9ACOv'62HCCO.RLAS

3HOoGoHoENU(2)QENO(J)!FYOFZQMXQKEY]vKEYZvNQB’NQF'FTNRtFFRTo//) LAS
7002 FURMAT (/795X 923HUPDATE PERFORMED AT Ta oF 9,30/ 95X 965HNEW VALUES RELAS
1TA(RAD) ¢GoHIENO(2) yENO(3) sRHOWVT) LAS
END LAS

1840
185u
1855
180U
1870
188v
189V
1900
1910
1920
1930
1931
193¢
1933
1934
1935
1936
194%
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SUBROUTINE RRADAM(NEUJNT) KKA 1V

C RKA 20

CUMMON /TIMESS/ STARTTeDELTAToFENDTeTeTMST RKA 30

CUMMON/ZVECTON/Y (2) s YLT(2) #FFRTy A(3) ¢+ RHOYUKRR(2) yPRK (4) RK A 4vu

CUMMON/TANK/AL TRy TDIPCVOL9FMASSyFUENIVTANKSVFLUID RKA 50

c KK A 60
cqg*oaiwn‘.q#’#ﬂI.“Q“%b##““&h#ﬁ*“#h##“%ﬁ“*““#*9“’““““*9“*”“#“&*““““&#GGQRKA
c RUNGE KUTTA {(GILL MODe) INTEGRATION ROUTINE RKA
C CUDED BY CARL BODLEY » MARTIN MARIETTA CORP. RKA
C NEW= NUMBER UOF EQUATIONS RKA
C NT= NUMBER OF DELTAT STEPS COUNTER RKA
c INITIALLY MUST BE SEY 0 IN CALLING PROGRAM RIKA
CHUNUR LB GRBDBBHD QIR BTN OOLRBDILRHBRRQBRRR IR URNSRBRRERRQERDGERG IR OG0 s RKA

DATA EPSLe FPS2 / le.E=RBe 1,E=2 / KK A 70

C KK A 80

IF (NT L0l. U) GO TO 10 KKA YU

WRK(l)= U, RKA 100

ORK(2)= U, kKA 110

P A )

bRRI2JZ Ye25uRT (0.5) RKA 153

PRK(2)= Lle+SART(0,9) RKA 140

PrREK (&)= U5 RKA 150

TMST= 0,0 RKA 160

10 DU 120 U = 116 RKA 170

JiL = J RKA 18U

DO 110 I=leNEQ KKA 190

L = YDT(1)%DELTAT RKA 240

GU TO (1VU3+01019101010%) JIL RKA 210
01 R = PRK Y*(Z « QRX ) RKA

1O1 B raREIL (I LT

03 R = PRK(JILI*Z = QRK( RKA 40

i 60 10 16’ L Q D RKA 20

109 K = (2 = 2,#WRK(1))/0b, RKA 260

107 Y(I) = Y(I) *+ R RKA 270

110 QRK(I) = WRK(I) ¢ 3,%R = PRK(gIL)nl HKA 280

IF (JIL «EQe 1 +0R, JIL LEGs 3) T 3 T ¢ DELTAT/Z, RKA 29y

120 CALL YpoOT RKA 300

o RKA 310

C RKA 320

300 NT = NT + ] RKA 330

ANT = NT RKA 340

TMST = ANTODELTAT RKA 35V

T 5 STARTT + TMST HKKA 3oV

C RKA 31u

RE TURN RKa 330

EnD RKA 39%
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SUBROUTINE FTAN(CAAOICCO9Y9ZeAsBeGeHIVT)

CHHRHR IR BN GU R PR U DT PR R R RO RO R T I NROR DR IR ODBRRBBRRRORERBBRGRBRBDOs e BETANG
C ETAN CALCULATES THE UNIT TANGENT VECTUR TO AN ELLIPTICAL SURFACE, ETAN®
c ETAN= GJ+HK J= UNIT VEcTOR Y DIRECTION, ETAN®
c K= UNITY VECTOR Z DIRECTION, £ TAN®
CHONd ROt a R RadtttanstettRadttanttsaddttodansdaediatassteaastaannctnast TANYG
Cc CUDED BY ®L BERRY SEPT 1974 UNDER NASB=30690 ETAN®

CHEBRULERDABPIVGRRB VR BB RN RB BB R s W T RRBBBaRRBCRGERROERRER BB RO ntE TANY

CQQQQ##%G#####“#CH#O##ﬁb###0##&%*06#.6#“#60’Q#QG#Q*G##*Q&#Q0#9####&#6#&¢“ETAN‘
c MARTIN MARTITIETTA AEROSPACETF ETAN®
CHABBREIRABHRBUHOBROSVORBRRRHGRRRIOR RO BRI IBBDRBRRARBLBBRDBBORBOBB N sdETANS
Cue SUBROUTINE ARGUMFNTS ETAN#®
C bbb DL LA L DL DDAl Lt i ETAN®
(o AAO= ELLIPTICAL SURFACE COEF, (Y) ETAN#
C CCO= ELLIPTICAL SURFACE COEF, (2Z) ETAN®
C Yo/lz CURKENY FLUID CG LOCATION, ETAN®
C AsBz APPLIEUD ACCELERATION VECTOR COMPONENTSsTANR TRIAD, ETAN®
C ACC=A+BK ETAN®
C veH= OUTPUT COMPONENTS OF ETAN, ETAN®
CUBBBBVBUIRBHURRORBBB R EBEFBRRRD RO BRE R RdDBGERRRRRMGRRORRONRC OB RNl TAN®
AGz==], ETAN
KHz==], ETAN
IF‘GQGEQOO)xG=1. ETAN
IF(HeGEoO,4)AHZ], ETAN
IF(ABS(Y) «GTo0,0001)60 TO 10 ETAN
HH=0,0 ETAN
GG=1,0 ETAN

G0 TO 20 . ETAN

10 A= (1.7(((CCO%Z)/ (AAO®Y))®*#82 ,4]1,0))#%#0,5 ETAN
GuUS (], ~HH?#2) 200 § ETAN

20 IF(VT,.GTe0,0)G0 TO 60 ETAN
Viz 0,0 ETAN

AAE =l,%A ETAN

Bz =] ,#8 ETAN

ACKl= AAU®Y ETAN

ACK2= Ccco#Z ETAN
IF(ACK]1.0E.0¢.AND,ACK2,GE+0,)G60 TO 30 ETAN
éB(QSKgoLE.O..AND.ACKZ.LE.O.)GO TO 3V E{ﬁ“

30 Goz=1,%6G ETAN

40 ACK3= GGH*AA+HH®BB ETAN

C IF FURCE 1S PERPENDICULAR TO ETAN USE OLD ETAN FOR NeAT DELTA T, ETAN
IF (ACK3.tWs0,0)RETURN ETAN

IF (ACK3.L1,040)G0 TO S0 ETAN

3= G6 ETAN

H= HH ETAN

RE TURN ETAN

90 O= =] ,%G0 ETAN

HE =]  WHH ETAN

RE TURN ETAN

60 OG=XG#G6 ETAN
H=XHEHH ETAN

KE TURN ETAN

EnvD ETAN

1o
20
30
%0
50
60
70
8y
90

100

110

120

130

140

150

170

180

190

200
ie
14
l6
18
20
30
40
50
60
70
75
76
80
9u

100

110
120

{28

150
160
170
180
190
200
2io
220
230
240
250
25e
254
256
26¢%
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SUBKOUTINE LOCATE (AAOSCCOIHETAIY$Z) LoC

CUMMON/STATE/BETAOGIHIENO (3) yKEY] o KEY2 LouC
CGGQG'“*#*0#*&*&.####’}#“#9###99#’&6#*#bﬁ“”“%#“##ﬁ“““#ﬁ“"ﬂ##.“ﬁ“*boﬁlu#LOL”ﬂ
C LOCATE CALCULATES THE PUSITIUN OF THE FLUID CG LIVEN BETA FROM LOCe#
KNOWING= R T an
: b} @YARASHSR0ARERY o EgEs:
c‘lﬁ'.““##'&Gﬁ*‘ﬁi'ﬂh##ﬂb#“’*'#“’#‘&“9ﬁ%'ﬁQ“QG“#G#&Q%##Qb*“***“bb#bﬁ&ﬁdﬁLOC“ﬂ
¢ CODED BY RL BERRY SERT 1974 UNDEK NAS8=30690 COCew

c’.#“.@ﬂ&ﬂd.‘Qﬁﬁ*#“QﬁGﬁﬂQO“#*G&#OO&GQ#Q#QQ‘&GQQ*“.O##Q'.ﬁ’Qéﬁi##c&qqﬁﬁquOCQ%

CHUBGBGFBDIRRUAN DIV BRI SRR BORBBPIR U BODHBORBCRERGEIRI BB R IR OBO RGO aaauasl OCHY
M ARTIN MARTETTA AEROSPACHEk LOCH*e
CHaRRUER OB BN RRRERBRRR R BB TG R GGHODBEN DGR DR RO DOREBVOVRBBRBORBOB BB aBRas]| OCHD
Cee SUBKOUTINE ARGUMENTS LOC#e
c L KX T W3 SR ¥ Y R e e LOC’”
C AAO= ELLIPTICAL SURFACE COEF, (Y) LOC¥%e
C CCO= ELLIPTICAL SURFACE COEF, (2) LOC##
C BETA= STATE VARJIABLE=~ ANGLE OF ETAN WITH HORIZONTAL. LOC*»
c (0 TO 2%p1 RADIANS) LOCt»
C Yol= QUIPUT FLUIND C6 LOCATIONy TANK TRIADe=INPUT OLD LOCATION LoCew
Coe LOCu#
CZZBOMB=NERROR= ]y NW0O=0 OR GT 4 LOCw#
Covsosa®CALl S SUBROUTINE ZZBOMBy FUNCTION 1QUAD LoCwe
CHEFRRBR BB BOROR U RV R A IR ROBIRBRRIREBRER BRIV G BRBIRRRRE B ORBERBBOB BB Ra0aa0| OCHe

L0=1,0 LoC

YO=],40 LocC

IF(Y.LT.U-)Y0='1.0 LOC

IF(Z.LT.O.)Zoa-l.O LocC

ZN’((AAO'G"H)/((CCO?H)*G2¢AA0“CCO“G"2))*“005 LoC

S YN= ((1,0=CCO*ZN#42)/AAQ)*®0,5 Loc

NWO= IQUAUL (BETAO) LocC

NWUN= TQUAU(BETA) LocC

NUQZ NAN=NWO0 LocC

IF (NDQWEWLU)IGO TO 10 LocC

IF(NQOOEUIl.AND.NQN.EQl‘)GOTO 20 LDC

IF (NQOJEWal ANDeNQN,.tQR,2)GOTO 30 LoC

IF INQOJEQ,1,ANDeNON,EG,3)GOTO 10 L.DC

IF (NQOJEWL2,AND«NGNEG41)GOTO 30 LDC

IF (INQOJEWe2,ANDeNGN,EQ.3)G0OT0O 20 LncC

1F (NQOJEW,2,ANDNANLEQL4)GOTO 10 LoC

IF (NQUsEWS I, ANDINQONLEQ,4)GOTO 30 LDC

IF (NQOoEUWs3I,ANDeNAON.EQL2)60TO 20 LdC

IF (NQOsEUW3I ANDeNOQN4ER,1)GOTO 10 L.DC

IF INQOEQR.4,AND«NQNL,EQ,1)GOTO 20 LDC

IF (NQOJEUW, 6 ANDNQN.EQ.3)GOTO 30 LDC

IF (INQOJEWR. 4 ANDeNANL,EQ.2)GOTO )0 L.DC

CALL ZZBOUMHB (6HLOCATEsl) LoC

10 Ad= 1,090 LocC

AYz 1,0%Y0 LocC

GV T0 60 Loc

20 Ald= ]1,0#40 LOC

AYS =]1,0%Y0 Loc

GO TQ 60 LOC

30 Alzs «],0%l0 LoC

AYm ] ,0%YV LoC

60 Y= AY®YN LoC

{m AZuZN LoC

RETURN LoOC

END LocC

100
1lv
120
130
140
190
160
170
18v
190
2V0
210

10

ry

30

49

50

60

7o

80

90
100
110
115
120
125
130
135
140
145
150
155
100
165
190
200
210
220
230
2e0
25v
260
276
280
2y
300
31+
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FUNCTION IWUAD(BETA) IQuAp 10
cﬁbooauﬁ#bécé&b»o#o&o'aﬁbibﬁéaohin*a»#aaﬁ#ﬁ*o#oa#aoe#naa#&goaio##aau#»abIQUAD 20
C IQUAD DETERMINES THE QUADRANT IN WHICH BETA (0 TO 2+#pPl RADIANS) IQuAaD 30
C LIES IQUAD 40
cQQQ-GGi##o»ooﬁoooao'6404u0¢a¢uo.ooﬂuﬂqo#é*«ouauqcauoiycacacui#annoauon»IuUAD =Y
C CODED BY RL BERRY SEPT lo74 UNDER NASB~30690 IQUAD 6U
C MARTIN MARTITETTA AEROSPACE IQUAD 7V
c#6490b##ic#“##*Qo“&ﬁlioQO###Q#O’##Q##*Q#lQbOb&ﬁbﬁD##Q#*#i,QGGQ#QGGGGQGGIQUAD X

B0= BETA®57,29577951 ’ IQuap 90

IF (BD.LTe0,,ANDeBD«LT.=360,)G0 TO 10 [Quap 91

IF(B0O.GTeV,,AND.BD«GT43604)G0 TO 10 IqQuap 9¢

G0 T0 20 1QuAp 93

10 nePlz BD/360, IQUAD 94

BU= Bp«~(N2P1*360,) IQUAD 95

20 IF (BD.LT.u,)B8D® 360,480 IQUAD 96

IF (HD,EQe3604) 1QUAD= 1 1QUAD 97

IF(BDGEsU,00ANDBDoLT.90.0) JQUAD= 1 IQUADl10O0

IF (BD,GE«9040,AND BDeLT4180+0)1QUAD= 2 IQuaplilo

IF (BD,GE+180¢0,AND«BD.LT,270,0) IQUAD= 3 leuapleo

IF (BD4GE«cT0e04ANDBDLLT,.360,0) IQUAD= 4 IQUAD130

RE TURN IQUAD1 4V

END IQuAapibe
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SUBKOUTINE ECOEF (XBsYReZB1ACO9CCOWNTABLE s TABLE oK o IMODEWCRIT) ECO 10

COMMON/STATE/BETAOYGaHeENO(3) s KEY] 9KEY2 ECO 15
COMMON/ZVECTOR/Y (2) 92 YDT(2)9FFRT A(3) yRHOPURK (2) 9 PRK (4) ECo ;b
DIMENSION TABLE(KRe1)sYZ(202)9YZ1(cs2) £CO eV
BHBEBHDBB R AR RREHINBRBEIR R RO R I IR RG CRBOBRRGORBEOVOGERBRRS BB baaenrECYR 1Y
ECOEF DETERMINES THE ELLIPTICAL SURFACE COEFFICIENTS ACO AND cCO gcows 20
WHICH BEST VEFINE THE SURFACE UF ALLG ABLE FLULD Cu LOCATIONS IN gEcove 390
THE REGION OF THE CURRENT FLUID C6 LOCATION= XBeYBeslH (IMODE=1) ,FCOFFECO®® 4(
USES THE SURFACE TABLE GENERATED IN SJUBROUTINE SUKF,., WILL ALSO ECO%e 50
CHECK FLUID CG TO SEE IF SUFFICIFNT DEVIATION FROM THE SURFACE Eco#e 60
HAS OCCURED FOR ELLIPSOIDAL COEF, UPDATE TO TAKE PLACE PRIOR TO PER=- ECO®# 70
FORMING UPDATE (IMODE=2). LCO®» BY
#8UPDATE CRITERIA= 1) R(ACTUAL) «GT,(CRIT*R(TABLE)/100) ECO%# 51
ceermmmccnermaa 2) CG WITHIN 10 PERCENTH#R(TANGENT) OF TANGENT ECO®# B2
3) RIACTUAL) oGT 4 R(TANGENT) ECO®® u3

IF R(ACTUAL) «GE.R(TANGENT) UPDATE PERFORMED WITH MIKROR IMAGE OF ECO%u# H4

CURRENT CG LOCATION, IF PHI WITHIN 20 DEG OF TANGENT AXIS INTERCEPT ECO%## &5
Ok WITHIN 10 PERCENT INSIDE TANGFNT, AXIS INTERCEPT POINT IS USED ECO%n B6

QOODDOO0OOOO OO OO OO0 OO0 OO0 OO0

FOR UPUATE, ECU®# 87
EEBes 68

KEYS SET BY SUBROUTINE= KEY1= Ny FINAL UPDATE UNTIL FLUID BETA ECO*e 91
ENTERS NEW QUADRANT ECO%s 92

= 0y UPDATE SHOULD CUNTINUE AS REQD, ECO%*e# 93

KEY2= ly SURFACE UPDATE WAS PERFORMED, ECU#® Y4

= 0y NO SURFACE UPDATE WAS PERFORMED, ECO%s: 95

ECow# Yo

ELLIPTICAL SURFACE= ACO#X##26ACO#Y®##24CCONZO42 = | ECU*#]100
CQ.QI’GQﬁﬂﬁ.ﬁQQQQ“O'OO‘QlQOOQ.QGQQOOG’QGQQ“OQOQ.Q.“’“OQQGQQQQQGQ"0“%0##“&:(:0““1 1 0
c CODED BY RL BERRY  MAY 1974 UNDER NASB=30690 ECO®##120

CREVUBOUD . OUPBIUBR VDB RRDRIRD LRGP R AR R U I RRCED G R ROOHBBBRBGHORPBGR o eeECOR®]30
CRARRBURDDNDERIVBQNRRBBB IR RRRBEBRR BRIV RIBRRBBCRRRORUBRRRROBERG RN eECOPe] 30

C M ARTIN MARTITETTA AERQSPACE ECO*#] 30
CHERBIRO B RN G RT G R NG DRI ERRQBR DR DABROIRDERRS RN RB RN RSB RR B RN RO so0aoECO ]S/
Cae SUBROUTINE ARGUMENTS ECco%al40
c - e o @y W00y W D SR e an ECO““lbO
C XBsYBoeZB= CURKENT FLUID CG LOCATION, ECO%#10b0
c ACU= QUTPRUT ELLIPTICAL SURFACE COLF. ECO®%170
C CCO= OUTPRUT ELLIPTICAL SURFACE COEF. ECO%*u]l80
C NTASLE= NUMBER OF VALUES IN MATRIX TABLE, ECO®*%]190
(o TABLE= MATRIX OF SURFACE LLOCATJONS (/PHI/eR) e SIZE(NTABLEs2), ECO*%#200
C KRz ROW DIMENSION OF TABLE IN CALLING PROGRAM=,GENTABLE, ECU®#210
C DDEG= {NCREMENT TO PHI FOR TABLE LOOKUP=,LEes 45 DEGREES, ECO®*u2c0
(o IMODE= DETERMINE ACOsCCO. ECO®8230
C 2+COMPARE CURRENT FLUID CG AGAINST ALLOWABLE SURF. IF OFF ECO®#24(
C BY CRIT UPDATE ACOsCCOeeeIF NOT RETURN TO CALLING PROGRAM.ECO®#4#250
C CRIT= PERCENTAGE DEVIATION FROM R(TABLE) ALLOWED ECO®#8260
c IF R(ACTUAL ) «GT,(CRIT#R(TABLE)/Z7100) UPDATE ACO+CCO. ECO®#270
Coe *5250
C Z2B0MB, . NERROR= 19 KR.LT.NTABLE 288““530
Caeeeelal 1 5 SUBROUTINES TERPZ2yINVSZZROMBey WRITE gcues3el
CHRRER R DR DRI R R RN E R R B ARG DO RF BRIV B NP BRI LB BERRERRIRR RO BN R RO o aECO®®3]0
IF(KR.LTeNTABLE)GO TO 99 ECO 30

IF (KEY1oNE,0) RETURN ECO 40

DUEG= 1S5S0 ECO 50

Rz (XB#R2+eYRVG24¢7R%82)88(,5 ECO 60

RAY= (XBR#2.YR®RR2) 840 ,5 ECO 70
IF(RXYsGT,1.E~20)G0O TO S ECO 71

Pril= 3,141592654/2, ECO (e

Gu TQ 6 ECO 73

5 Prls ABS(ATAN(ZB/RXY)) ECO 80

6 IF(IMODEW+EQ.1)G0O TO 200 ECO Sv




PHD= PHI®360,/6.283]8

C DETERMI .E QUADRANT OF FLUID Cuv.

IF(YB.GT.U..ANDOZBOGE.O.)NQFz
IF(YB.LEOU..AND.ZB.GT.O.)NQF=
IF(YB.LT.OOOAND.ZB.LEOO.)NQFg
lF(YBaGEeOyoANDeZBaLT404¢)NQF=

& N -

C DETERMINE FLUID DIRECTION,, .QUADRANT OF BETA,

BeTA= Y (2)
NwB= JQUAD (BETA)

C DETERMINE AXIS INTERCEPT ANGLE BASED ON NQF AND NG8 (PAHIU)

GO TO(10920930+40) oNUWF

10 GO TO(98950498+60) s NGB

20 GU TO(50998460998) sNGB

30 GU TO(98+60+98+50) #NGB

40 GO T0(60098450+:98) sNUB

98 GU TO (91992993+94) o NGF

91 IF (ABS(Z8) L T.eV014ANUNQB.EQ,1)GO TO 50
IF (ABS(ZB) oL.T+«001.ANDoNQB.EQ,3)G0 TO 60
60 T0 99

92 1F(ABS(YB) el T4eV001+ANDNQBL.EQ,4)GO TU S0
IF (ABS(YB) oL T,¢001sANDNGBWEQ,2)60 TO 60
Gu TO 99

93 IF(ABS(ZB)+LT,+0014ANDNOBJEQ,1)G0 TO 60
IF (ABS(Z8) oL T+e001.ANDoNQB.EQ.3)60 TO S0

6O TQ 9

96 IE(ASS‘ed).LT..OOI.AND.NQB.EQ.‘)GO TO0 60
IF (ABS(YS) eLT+4001.ANDeNQB.EQ,2)GO TO S50
Gu TO 99

50 Prlus 90,
Gu TO 70
60 Prlus 0,0
70 AM= «1,0
IF (PHIUGEW,90,)AM= 1,0
PHIUR= PHIU®6,28318/360,
CALL TERPZ2(TABLE(191) oPHIURYTABLE(192) sRUWNTABLE slslakRyl)
CHECK ON UPDATE DUE TO SURFACE DEVIATION.
80 CALL TERPZ(TABLE(191)oPHITABLE(192)9sRPINTABLE1s19KRy1)
IF (ABS(R=RP) LT« (CRIT#RP/100,))60 TV 90
IF (ABS(PHU=PHIU) (LEW20.)KEY]l=2
G0 TO 10U

CHECK O~ UPDATE DUE TO R GT RTANGENT
90 IF(R,LY,(RU/COS(PHI))IGO TO 9%

vo uBBatE ARfuen

95 KEY2z 0
RETURN
FLUID CG EXCEEDS CRITERIA...UPDATF AAOQsCCO,
100 DOrAL= DDEGH#6,28318/36V,
PHIN= PHI+ (AM®DRAD)
IF (R4GE . (RU/COS(PHI))IKEYl=]
IF(R,GE . (HU/COS(PHI)))KEY2=0
1F (RGE & {RU/COS(PHI) ) )RETURN
1F (KEY1.Ew.0)G0TO 110
KEYl=l UR PHI WITHIN 20 DEG OF AXTS USE PHIU FOR UPDATE,
EXCEPT WHERE R,GE«(RU/COS(PHIY)
IN THAT CASE USE CURRENT ELLIPSE
IF (PHDoGT o89s ORaPHD L Tola)KEY1=3
IF(PHD.G‘.BQ..ORQPHD.LTOIO)KEY2=0
IF(PHD oG T o896 g ORgPHD oL To1e)RETURN
PriInz PHIUR
310 CaLlL TERPZ2(TABLE (lel)sPHINSTARLE(192) sRNosNTABLEs 1ol oKRs1)
YN= RN&CUS(PHIN)

ECO
ECO
ECO
Eco
ECO
Eco
ECO
Eco
ECO
ECO
ECO
Eco
ECV
ECoO
ECO
ECO
ECO
£CoO
£CO
ECO
Eco
£CO
ECU
Eco
ECQ
ECO
ECO
ECO
£ECO
£Cco
£CoO
ECO
ECO
eco
ECV
£ECO
ECO
ECO

ECO
ECO

EE8
ECO
Eco
ECO
ECO
ECO
ECO
ECO
Eco
ECuV
ECO
ECO
ECU
ECO
ECO
ECU
ECOQ
eCO
ECO

100
110
1¢0
130
140
150
160
165
170
180
190
200
210
220
230
231
232
233
234
235
230
237
238
239

[
141
24
24
2645
250
26
270
2680
290
300
380
390
400
610
420
430
440

494

4380
490
SOV
510
5¢0
525
530
535
5S40
$50
551
552
553
554
555
564
630
640



130
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IN= RN#SIN(PHIN)
Ye(lel)= YBWOZ
YLZ(le2)z LB##2
YZ(2sl)= YNN®2
YL(292)= IN®¥*2
CALL WRITE(YZe29242HYZ42)
CALL INVS(YZ29YZL4292)
ACO= YZI(1lel)eYZ1(1s2)
CCo= YZI(291)eYZ](292)
CALL WRITE(YZI92¢293HYZ]I <)
KeyYc=s 1}
RETURN

C IMODE= 1 oINITIAL DETERMINATION OF AA09+CCO.

200

99

777

ORauU= DDEG®6,28318/360,

PHIN= PHI+DRAD

IF (PHIN,GT4(3.14159/2.))PHIN= PHI=DRAD
GO0 TOo 110

NERR= 2

WHITE(6+777)BETAyPHIsNQF ¢ NQB

FORMAT (///92Xe2E1T7449215)
IF(KR,LT«NTABLE)INERR= ]

CALL ZZBOUMB (SHECOEF s NERR)

EnD

ECO
ECO
ECO
ECco
ECO
ECO
ECO
ECU
ECO
ECO
ECO
£CO
ECU
E£ECO
gco
ECO
eECo
eco
€COo
ECO
ECO
ECO
ECO

65V
600
674
6380
69V
70V
710
720
730
740
750
760
770
780
790U
8vo
810
820
821
822
8430
840
ghe
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SUBROUTINE SURF (NReNTHET s VXXeNTABLE s TABLE +KRo IP) SRF 10

COMMON/TANK/XL 9AsBaPCVOL « FMASSeFDENSVXQOXeVTOQT SRF 15

DIMENSION TABLE(KRs1) SRF 30

NUT= 6 SRF 40
CHadedta Rt aaetdtsR Ut taddaloRtaRtdanNaaaditotetaadtaaaRRtotaanansssasnsanSRESS 10
C SURF COMPUTES THE LOCATION OF THE SURFACE ON WHICH THE FLUID C.G, SRF## 0
C IS ALLOWED TO MOVE IN A TANK OF DIMENSIONS=XLeAsB WITH FLUID FIliLL SRF®*e 3¢
C A GIVEN PERCENT (PCvOL) OF TANK VOLUME. THE RESULTANT S::RFACE IS SRF#*e &40
C STORED IN MATRIX TABLE AS 2 COLUMNS (CYLINDRICAL COQURDS), SRF *#a oSy
C TABLE (NTABLE+1)= ABS(PHI) RADIANS SRF#*s 60
C TABLE (NTARLEs2)= R LENGIH UNITS SRF %% {0
CHUR RN A G G R R R P RO R R B BB L RO R B R BRI DIV B G R F R R BB GOEORR R BB R B OB SRR BBt aBSRFFE &
C Cu0LD BY RL BERRY MAY 1974 UNDER NASB=-3069%U SRF#8# 990

o L R R L R S LT L L LT Y T Y PR T R I e -3 - S I 1)
CHABE R G R R s RO a R RO bR B R BN R RN GN RN BI R R BROR R BB ARORR RSB IBO LR AR BN BRRROsnSRF#®]05

C M ARTTIN MARTITIETTA AEROSPACE SRF##1006
CRavud e R R B sttt R st BB BNl RRRBABRPRBRBRRRISRRDRDBRORRRBBRBEIRGORRBO OB adSRFG2]) 07
Cae SUBROUTINE ARGUMENTS SRF#&#110
8 S w D e o oy me . §§ ““}58
NH= NUMsER OF RADIAL INTEGRATION INCREMENTS ON TANK RAUIUS, g

C NTHET= NUMBER OF ANGULAR INTEGRATION INCREMENTS ARQUND TANK CIRCUM,SRF##]14(
C VXx= ITEKATION CUTOFF (PERCEMT OF FLUID VOLUME), SRF##150
C NTAgLE= NUMBER OF SHRFACE LOCATIONS DEFINED FOK PHI= 0 TO 90 DEG. SRF*alo)
C TAbLE= MATRIX IN WHICH SURFACE LOCATIONS ARE STORED-SIZE(NIABLEoE).SRF'*IIO
o KrR= ROW ODIMENSION OF TABLE IN CALLING PRUGRAM.=GE+NTABLE, SRF®#]lav
c IP= 0¢NO PRINT QUT, SRFe#190
C = 1 9SURFACE LOCATION PRINTED AND FLUDCG QUTPUT PRINTED, SRF #8200
C = 29SURFACE LOCATION PRINTED, SRF*#2Ub
(o AL= LENGTH OF TANK CYLINDRICAL SECTION. #COMMON SRF®#21y
C A= TANK RADIUS, #COMMON SRF®#8#272(
Cc H= HEIGHT OF TANK DOME FROM TOP OF CYLINDRICAL SECTION,#COMMON SRF##230
(o PCVUL= PERCENT TANK FliL, #COMMON SRF®#e24(Q
Cae SRF##250
CZZBUMB=NERROR= ] ¢oKR.LTLNTABLE SRF##26(
Cranna®(ALLS SUSROUTINES FLUDCGIPAGFHD¢ZZBOMB SRF#a26>
C*QOGQ#*#ﬂiﬂﬁQ#“O#QQO'#..#“#90&6##Qﬁ##66ﬂ*ﬁ#6&%#&06#’&%.6‘&#bi“&#b%d#io*SRF*6270
IF (NTABLE.LE  KR)GO TU 5 SRF 5S¢

GO TO 999 SRF 70

5 Ga= @, SRt 80

TA= =3,141%9/2, SRF 99

DTX= (3,14159/24)/(NTABLE=]) SRF 10v

1PP= 1P SRF 110
IF(IP,EQe2) [PP= 0 SRF 120

DO 10 I=1sNTABLE SRF 130

Ge= COS(TX) SRF 140

LY= SIN(TX) SRF 150

CALL FLUDCG(OXsOYsGZoaNRINTHET ¢VXX o XB2YHeZRBRe IE e IPP) SRF 160

IF (JIE,NE«U)TT=TX#360,/6,28318 SRF  17v
IFC(IE.NE«V)CALL PAGEND SRF 175

IF (IESNEoO)WRITE (NOT21000)I9TTeGYGZ SKE 189

R= (YR##Zl+2p%u2)us 5 SRF 2vi

IF (ABS(YB) (GT ¢1E~20)G0 YU 6 SRF 2V}
PHI= 3,141592654/2, SRF 202

Gu 10 7 ) SRF 203

6 PHI= ABRS(ATAN(ZH/YK)) SRr 210

7 lTapL = PHI >RF 4
HRBLE B30z & s PACE B SBF 338

10 Ta= TxeDTA Om RQUAIXN : SRF 240

Ir (1P ,EQe0)RETURN oF P00 SRF 250

CALL PAGEHD SRF ¢gou
WRITE(NOT»1050) SRF 21

WRIIE(NOT91100) SRF 280
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DO 20 1=1sNTABLE
Ted= TABLE(191)%3K60,76.,28318
20 WHITE(NOT«1200) THRsTABLE ([+2)
RETURN
1000 FORMAT (/961HSUBROUTINE SURF=«FLUIDCG FAILED“TU CONVERGE FOR TARBLF
IVALUE o139 /95X9BHTHETA XZeF7,504H GY=sF12,5¢4H Z=9F12,5)

SRF
SRF
SkF
SRF
SRF
SRF

IOSOIFURMAT(/'20X026HFLUIDCG CUONSTRAINT SURFACEs/s2UX926Hemmwmcnancaaa-SRF

SRF

1300 FUHMAT(//020X010H/PHI(DEG)/ollXolHRo/oZOXv10H----------o10Xv3H---)§R§
>R

1200 FORMAT (2UXeFl2¢598X9F1245)
999 EQBL ZZBOUMB (4HSURF 4 1)
i

SRF
SRF
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SUBROUTINE FLUDCG (GXsGYsGZaNRINTHET s VXX 9 XBAReYBARIZBARIELIP) FCG 1y
COMMON/TANK/XL9AsRePCVOL oFMASSHIFDENSVXOXeVTOT FCG 20
DIMENSION AX(3) FCG 3¢

DATA AX/1HAXelHYS1HZ/ FCo 40

REAL MXYsMXZoMYZ Fce 50

NUT= 6 ' FCG 60
CHeEtNRaiRessaattRaRndtauattodtatttanteoaddonatnudtstdatadboadastontonatnsfr CGe 10
C FLUOCG CALCULATES THE LOCATION OF THE CENTER OF GRAVITY of FLUID FCG#e 20
C IN A CYLINDRICAL TANK WITH HEMI-FLLIPSOIDAL DOMES BASED ON THe FCo®e 30

3 ’ L 2

€ OEThEER AEET R AL N TR T OR IR O Fae TP EUTROVOR e "EBRT AT NED Feger 80
E»»lﬁ»lﬂﬁgI&Qﬁs»“oiga«.u»»»g¢»¢».o*q¢u¢¢oaau¢a¢«au¢¢«.¢¢aau¢«o«¢¢¢o¢4«*«F88!: ?8
C CUDED BY RL BERRY USING PROGRAM VOLUME BY J CARPENTEK FCGee 8Q
C A3 A MODEL, UNDER NASB=30690 MAY 1974 FCOo®s# 90
CRURG U BB NBRB R ABBO RV BOGH BB RRB RSP EpdUaattdtdpontprtdttbudbatdbtasoabansdl CO®2100
c MAKTIN MARTETTA AEROSPACE FCG##1l0
CHOVBRAQUFBRBBDRG AR ARQBBOLROORBNRB BB RERBBRNIRRBERRO OB BN O BB sRRedFCOPR]20
Cas SUBRQUTINE ARGUMENTS FCG*#130
C LA X X T RSl L TPE Py Y R Sy FCG“'I‘O
C GKeGYr3Z= ACCELERATION VECTORS APPLIED TO TANKeseZ= AXIAL (ANY UNITS)FCGRe]150
c XeY= LATERAL FCGee160
c NR= NUMBER OF RADIAL INTEGRATION INCREMENTS ON TANK RADIUS, FCG#*el70
C NTHET= NUMBER 0F ANGULAR INTERGRATION INCREMENTS AROUND TANK CTIRCUMFCG®*®#]luy
(of VXX= JTERATION CUTOFF (PERCENT oF FLUID vOLUME), FCGY¥%190
c XBAR= X COORD. OF FLUID CG LOCATION. FCG*#200
C YBAR= YCUORDe OF FLUID C6 LOCATION. FCG*s210
C IsAR= COOrD, OF FLUID C6 LOCATION, FCG#u220
c 1E€= ERROR CODE RETURNED TO CALLING PROGRAM. FCG##230
C = 0y ALGURITHM CONVERGED, FCGau240
C = 1y ALGORITHM FAILED TO CONVERGE~CG LOCATION MAY BE WRONG. FCGw#250
of IP= 0y NO PRINT OUT, FCGuu260
C = lo PRINT ALL FLUDCG RESULTS, FCG#a270
Cun CUMMON/TANK/ VARIABLES EXPECTFD, FCG®a280
C LA K T T E PPy T Y T PR L X ST PN P Y PEApE Y FCGQ‘*ZqU
(o XL= LEN0TH OF TANK CYLINDRICAL SECTION, FCG'*390
c A= TANK RADIUS, FCG##310
c Bz HELGHT OF TANK DOME FROM TOP OF CYLINODRICAL SECTION, FCoae320
(of PCVOL= PERCENT TANK FILLeLEZ100, FCG*’330
Cte FCG®*u340
ConvasCALLS SUBROUTINE PAGEHD FCO##350
Cae FCG*u360
Coaeu®NUTE> SUGGEST.seNRE 50 FCG®*e370
C NTHET= 50 FCG®#380
c VXX= 240 FCG##390
CHE R BRI R R R B R RN R R RGN R BB R AR DR RO R BB IR BRI BDRRRBRERGILBRIR R BBBO NGB DasFCORR400
M= g FCG 80

IF (ABS(GY) oLTWaleE=03)M= } FCG 90
IF(ABS(GL) GE L1 4E«03)M= 3 FC6 100

UR= A/FLOAT (NR) FCG {;o

DTz 2,%3:14159/FLOAT(NTHET) FCO r4))

Nl= 20 FCG 130
ICOUNT=0 FCG 1«0

VN= 9, FCG 170

VAOX= 3,161590A2820XLe(6,/3.)%3,141059080pa0u2 FCG 180

VIQOT= VXUX#PCVOL/100, FCG 190

VAY= vTQi#vxX/100, A FC6 1Yl

IF (1P NE«U)CALL PAGEND FCu 19«

IF(IP NEsCIWRTITE(NOT9L000)0XeGYeGZo XL 9sAsBePCVOLINRINTHETIVXY4AX(MIFCG 199
FMASS= FDEN®#VTQT FCo 196

Hl= A/2, FCG 2V0

9 ICOUNT= 1COUNT»] FCco 210

omcn T

OF POOR QU



490

493

494

10

60
50

20

27
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VE U,

MXY= 0,
MAZ= 0,
MXZ= 0.

D0 50 J=leNR

DO 60 I=LleNTHET

K= FLOAT{(J)#pR=DR/2,

TH= FLOAT([)#DT=DT/2.

X= ReCOS(TH)

Y= ReSIN(TH)

UKz SQRT(1l,=~(R/ZA)#e2)

Z1= B#UX «XL

282 =1 ,#(B#UK)

XMULT= R®DRDT

IF (ABS(GZ) JLT414E~03)G0 TO 493
(P® H1=(GX/GZ)®X=(GY/GZ)eY

IF (£P L LEeZB4ANDeGZ+GT404)GO TO 60
IF (ZP oGE e ZT ANDeGZoLT,0.)60 TO 60
IF(GZ,LTe04)60 TO 49V

7A= 2T

IF(ZPLEZTY A= ZP

VE Ve (ZA=ZB)*XMULT

MXY3 MXYe ,S#{ZA=7R)# (ZA+ZB) #XMULT
MRZz MXZ+Y#(ZA=ZB)*XMULT

MYZ= MYZ+A® (ZA=ZB)#XMULT

60 TO 60

L= ZP

1F(LP.,LEeZB)LA= ZR

VE Ve (ZT=ZA)#XMULTY

MAY= MXY* S8 (2T=ZA)#(ZT+ZA)#XMULT
MXZz MXZ+Y® (LT=ZA)#XMULT

MYZz MYZeX# (ZT=ZA)RWXMULT

GU TO 60

IF (ABS(GY) oLT.1eE=03)G0 TO 494
YPE Hl=(GA/GY)#X

FUYeGToYPoANDoGY GTol4) GO
iF(Y:LT:YP.AND:GY:LTzo:)GO

——t
o0
o \Le
So

6Q 1o 1o

K8='H1-(6Y/GX)°Y
IF(XeGTaAPJANDeGXW4GTe04)GO TO 60
IF (Xl TeXPoANDeGX . LTe0s)GVU TO 60
VE Ve (ZT=LB) #XMULT

MAY= MXY® .59 (7T=Z28)%(ZT+2ZB)*XMULT
MAZ= MXZ+Y®(LT=ZB) ®XMULT

MYZ2=2 MYZeX®(ZT=28)*XMULT
CUNTINUE

CUNTINUE

IF (ABS (V=VN) LT VXY)60 TO 98
UPCz V#lU0,/VAOX

IF(ICOUNT.NE,1) GO TU 20

AIM )= W)
LA A I M I Tl rna

VNMl= v
Hlz Hl®l.l
6V TO 30
IF (ICOUNT.GT42)GO YO 27
HN= H]

YNz ¥

U TO 30
VNMl= VN
VN= Yy
HNM1l= HN
HN= H]

FCo
FCG
FC6
FC6
FCo
FC6
FC6
FCG
FC6
FCo
FCG
FCuL
FCG
FCo
FCG
FCG
FC6
FCu
FCo
FCG
FC6
FCG
FCG
FCG
FCu
FCG
FCo
FCG
FCG
FCO
FC6
FC6
FC6
FCo
FCG
FCG
FCG
FCG
FEG
FCG
FC6
FC6
FCG
tCo
FCG
FCO
FCG
FCG
FCG
FCG
FCo
FC6
FCG
FC6
FCo
FC6
Fco
FC6
FCo
FC6
FCG
FCG
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30 IF(IPLEW,UIGU TO 40 FCG T30
wRITE(NOT»1100) H1eVIUPCoVNsVNML,TCOUNT FC6 740

40 IF (LCOUNT.EQe1)GO TO 9 FC6 75V
HNP1= HN=(V~VTOT)#( (HN=HNM1)/ (VN=VNM1)) FCG 760

It (ICOUNT 6T ,NL)GO TO 25 FC6 770
Hiz HNPI] FCs T80

Gu To 9 FCG 790

98 UPCE v&100,/VXOX FC6 800
IF ([P NFeU)WRLITE (NOT91200)H1sVsUPC ICOUNT FCG 810

25 IF (ICOUNT ¢GToNIoAND o IPNE+O)WRITE (NOT+2000) NI FC6 820
ABARE MYZ/V FCo 830
YSAK=E MXZ/V FC6 840
LBART (MAY/V)e(XL/2,) FCG 850

IF (IP.NE+U)WRITE (NOT+1300) XBARs YBARYZBAR FC6 860

1F (IP,NE«O)WRITE (NOT91400) VXOXeVTOT FCG 865
It= 0 FC6  87v

IF (ICOUNT.GTeNI) IE=® 1 FC6 88v

RE TURN FCG 89v
Co##FORMAT STATEMENTS®ew FC6 90U

1000 FURMAT(////77/+50X+18HSUBROUTINE FLUIUCG///91UX9 1UHINPUT DATA./910FCG 9140

1X9lUHmmermmamany /g LOX9 1OHTANK ORIENTATIONIBX93HGX20F12,59/434X93HGFC6 920
2Y=9F 12459/ 934X93HGZ=9F12.59/910Xs 13HTANK GEUMETRY s 11Xs3HXL=9F12,5+FC6 930

30K 2HA=IF 12009/ 935X92HB=9F12.59/910X912HS FLUID FILL99X9&6HPCVOLFCG 940
F12.59/110Xs IBHINTEGRATION PARAMS»6X s SHNRE»wX> 1307+ STXs0nNTHEYOLEEE 250

3/
[ %=X
S4Xel /91lUXe&BHITEFRATION CUTOFF ABS IV=VYN Te (VXX4VF L/} FCG 9ol
er13131/0 05 88 kIR RA ARTSs 12 5HPLUI0r oo kRS SRINTERCEREYEL2005 unEES 398

TE28Xo6HS FILLYLIOXs4HVIN) 912X96HV (N=1) 98Xs9HITERATIONS /92 (SXs}2H===FCG 98U

Bomcccnen=) 15X ) THeeenmece 9?2 (5Xy | 2Hem=r=mccccne) 15X s 9Hmcmmmmaaa) FCcoe 990
1100 FURMAT(2(5X9F1245) 95X9FT7,312(5X9F12e5) 98Xy13) FCG 1000
1200 FURMAT(2(5XeF12e5) o5XoFT7,3942%X¢13) FCG 1010
1300 FURMAT(10Xe22HFLUID CG IS LOCATED AT s/ s 10XeSHXBARZIF12,5¢/9410X Fc6 1020

I15HYHARZoF 12 ,D¢ /91 0XsSHZBARZF12,5) FCG 1030

1400 FORMAT(/911X921Honaa®VOLUMES = VTANK=9F12,5¢/925X9THVFLUID=yF12,5)FCG 1035
2000 FURMAT (/97X920HNO CONVERGENCE AFTER9I3423H [TExATIONS, BEST GUESS)FCG 1040
END FCG 105%



SUBRQUTINE YDOT B-22 YDOT

CUMMON/TANK/XL sDeBsPCVOL «FMASSsFDENIVXOXeVTOT Yot
COMMON/VECTOR/Y(2)sYDT(2)9FFRT A(3) sRHOCQRK (2) s PRK (4) Ynor
CUMMON/STATE/BETAOGIHIENU(3) yKEY]1 s KEY2 Ypnorv
DIMENSION ET(3)9ATI(3) YDOT
cé*#ﬁ&»ﬁ»é»*b«#*ﬂ»#*&#»#ao¢9¢¢o##a»a#nﬁoﬂwnaqbﬁauﬁoéuuuo&«#»ucﬁoaaa#o#a#YDOT
C DEFINES DERIVATIVES FOR USE IN RKADAM YDOT
CHoteddtadtaedadiqonandondateadedttdedasadatdntanddetadoadinattdtassaasseYD0]
BETA=Y (2) YDOT
YuT(1l)= =l .#FFRT/FMASS=(A(2)#COS(BETA))=(A(3)*SIN(BETA)) YOOT
ET(l)= 0. YDoOTt
ET(c)= G YDOT
ET(3)= H YDOT
CALL VCRUSS(ENQOET oAl sDUMIDUMyAIMAA I DUM) YDOT
YOT(2)= Y(1)/RHU YDUT
IF(AI (1) el T,0,)YDT(2)= =1%YDT(2) YDOT
RETURN YDOT
END YDOT

10
1>
20
-4
30
@0
50
6y
65
Tv
80
90
100
110
120
130
140
15+
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SUBROUTINE OQUTPT (NUL+NPRINTLENDT) ouT
DIMENSION A(22+13)91A(4413) ourt
CHEHABAUBE R RO R AP PRNB IR R U NI RORBROBOBIRGRR RO BB DREIBRIORB G BN BOBBORRS0YT
C OUTPY PRINTS THE OUTPUT FOR MPROGRAM LAMPS ouTt
C our
CHRGQIHERDBIRBPEI BRI UBRYRSGRDFBREDR GO sRBtORRBBRIBORBAERRORORE BB R ARG 40UT
C CODED BY RL BERRY SEPT 1974 UNDER NASB=30090 our
CuututdtsdppanttgpnridosanndtittaidopopapttttspputttioaipitosrditttvsrasaradQUT
C M ARTTIN MARIETTA AEROSPACE ouT
CHedaataRuRasettasRoddanttdasdpdatontseatttsopaaitontsanatonastsosasonnssQUT
REWIND NU] ouT
NUT= 6 QuT
CALL PAGERD ouT
WRITE(NOT22000) ouTt
NP= 0 ourt
M= ] our
READ (NUL) (A(IoM)9121922) 9 (TA(JsM)sJ=104) ouTt
100 DU 10 I= 1eNPRINT ouT
NPz NPel ou
IF (NPL,EQeNPRINT)IGO TO 20 ov
READ(NUL) TsDUM out
IF(T«GEENDT)IGO TO 19 our
10 CONTINUE ouT
CALL ZZBOMB(SHOUTPT.1) our
19 BACKSPACE NU1 ouT
20 M= Me]) ouTr
READ(NUL) (A(L1oM) o I=1922) 2 (TA(JIM) 9J=194) ouT
IF (A(1sM) aGESENDTIGO TO 30 ouT
IF(M,GE.L3)G0 TO J0 ouT
NP= 0 ouT
LV TO 10V ourt
30 DY 40 K=lsM out
WRITE (NOT#2010) (A(TeK)eI=1010) auT
40 CONTINUE ouT
WRITE (NOT»2020) oul
DU 50 K=lsM oul
WRITE(NOT92030)A (oK) o (A(I9K)oI=11919) ouT
50 CRYTEWRb T 2060) e
DO 60 K=lyMm ourt
WHITE(NOTOEO50)A(19K)O(A(I.K)ol=20922)v(IA(J:K)9J=l’6) ouT
60 CONTINUE ouT
IF(A(19M) «aGESENDT)IGO TO 200 ouT
CALL PAGEHD QuY
AR ITE (NOT+2000) ouT
NP= © out
M= U ouT
Gu 10O 100 ouT
200 CALL PAGEHD . ouT
NRITE(N0]03OOO) ouT
RE TURN ouT
C FORMATS=aQUTPUT ouT

CHUG R T IR B LR GO R RR P IR GBI ORR PR BB B R RO RO BB OB ROBRR BB BRSO B OBt aneOUT
2000 FURMAT(///+41Xe35HA N A L Y T 1 C A L RE S UL T Se//0lXes50Htase0uT
l##avoaaaitgeirottonbataatptpnoanbandtitanaatonnty | PHSYSTEM STATE»560UT

CHR B R B At R R R R NGB R B RRD IR BB R RO R RGN I BN EHERRIBAUD U2 OOEBR Y/ o4 X g 4HT TMOUT

3E 96Xy SHVTDOT 98X 2HVT s 10X s THBETADOT #5X 9 4HBETA» LUXs IHX 9 11Xs LHY 311X 1007
4RLollIXelHRe1IUXI3HPHI/ 9l X9]l]l(lUNHewm="cnnua) sbHmmewwy/) our

2010 FURMAT(1X0F9e¢393(3X9E1063)92XeFT7,293X904(2X9E10a3)42XsF742) our
2020 FURMAT (/913X022neateAPPLIED ACCEL®##0®# 43Xy J3HuInunntosoastaqURFACF®0OUT
1““*”*44*“”§¢96X!1HH“*GGO*TANGFNTG#§°“96X.lBH““*#“#“NORMAL*ﬁGQ*,/, ourT
24A04HTIMEI9X92HAY s 10X 02HAZ 9 LOXe3HACOIOX 9 3HCCO9IX 9 3HRMUIIXN 91 H Jel1X e OUT

PRIGINAL PAGE IS
OF POOR QUALITY

10
e
3u
40
50
(<Y)]
T0
(1%}
90
100
110
115
120
130
140
150
160
170

idO
oW
2u0
210
220
230
240
250
26V
2/0
280
290
300
310
320
330
340
350
300

348

390
400
410
4c0
430
440
450
460
4170
480
490
500
510
520
530
540
550
560
57y
580
590
600
610
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3IHKs11XodHU2l1X90lHK9/91Xel]l (l10Hmemm=mecw=) sbHmwmnan, /) ouT
2030 FURMAT(1A9F 939 1XeS(2X0E1043)44Xe4(FH6,396X)) ouT
2040 FORMAT (/913Xs24HeuasFLUIND FORCES ON TANKs4 (4HP#aR) 914X l18HRs0a0au0UT
IKEYS#uaa8ee]12Xe 1 1HBQUADRANTS®e /94X s 4HT IME +9X » 6HF Y vBXs6HFZ LouT
ZDKQ?HMX 917X04HKEY1010X94HKEY2|12X03HN0305X93HNQFO/’1X!27(4H~0U;
d===19/) ou
2050 FORMAT (1X9F9¢391X93(2X9E12e4)913XsI5%99X0IS011X0]5e3X015) ouT
3000 FORMAT (//77/77//7+38Xe8 (4rH%*att) g1 Hite/938Xe33H®HLAMPS SUCCESSFULLY TFROUT
IMINATED®® 9/ 938X 98 (4H®uB) 9 H) ourT

END ouT

620
630
64y
650
606V
670
684y
69v
700
71+



SUBRO
DIMEN

DATA
SLATI,
Ceoanobiste
c PLOTS
CHasasRNaty
X3==~]
XD=(2
XNAME

INANT

YNAMZ=
YNAM3

YNAM4

YNAMS=

REWIN
NEND=

IF {(NK
10EL=
KN=0

IN=0

00 10
KN=KN
IF(L,
IF (KN
READ(
G6OTO0

20 IN=IN
READ (

TN,

CONTI
CALL

CALL
CALL
CALL
Catli
CALL
CALL
$)
CALL
$)
CALL
RETUR
END

[T
[ =X =
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UTINE TLMPLT (NKToeNPLTR) PLOT
SION PLO(200s11)9PT (&) PLOT
PT(I)9PT(£)'PT(3)9PT(4)/10HLARGE AMPL s 10HITUDE SLOS*10HH SIMU LoT
2HON/ PLOT
CERNRERBHERERRORFRBRRER DB ORI R BB R BB RENB RGO ER bR RN b e o0a P QT
ouUTPUT PLOT
BEARRBNRRR BB BREPRCHRBERAR BB LRNGEBER RO RIS SR B p IR DB E RN S0P OT
«*TR PLOT
+*TR) /10, PLOT
1=33HSEC PLOT
2=1H PLO
sS&ACCEL PtOT
3HVE p
=6HBETADT Ptg}
=4HBETA PLOT
3HPH] PLOT
=]1HL -]
=§an Pt8¥
=2HF £
T BLSt
D NPL PLOT
200 PLOT
TeLTe200)NENDSNKT PLOT
NKT/7205¢+} PLOT
PLOT
PLOT
I=loNKT PLOT
+] PLOT
EQ.1)60TO 20 PLOT
+EQ«IDEL)GOTO 20 PLOT
NPL ) OUM PLOT
10 PLOT
-1 PLOT
NPL) (PLO(INsJ)eJd=101l) PLOT
EQ.NEND)GOTO 30 BL8T
NUE PLOT

PLOTLI(PLO(191) oPLO(192) v INs1lo0e2a29XNAMELsYNAMLoPTsls]y 19200)PLOT
PLOTL(PLO(191)9PLO(193)9INslo0ese29XNAMELIYNAMZsPTsls1e1,200)PLOT
PLOTI(PLO(lol)OPL0(1’4)QINolQOo9.20XNAME10YNAH3!PT9191’1QZOO)PLOT
PLOTL(PLO(Ly1)eFLO(195)9INs1s0as 29 XNAMELsYNAMGoPT9lely1,200)PLOT
PLOT1(PLO(19))oPLO(196)9INs190ess29s XNAMELsYNAMS9PTol9141,200)PLOT
PLOTLI(PLO(191)sPLO(199) 9INoloOane29XNAMELsYNAMT sPTsls141,200)1PLOT

PLOTI(PLO(I,I’!PLO(I’IO)QINQI’0.9.29XNAMEI’YNAM89PT;1’1910200PLOT
PLOTl(PLO(lol)oPLO(l’ll,oIN!IQO.O.29XNAME19YNAM9QPT!19191QZOOEtg;
PLOII(PLO(I;?)oPLO(lvB)oIN’19XSoXDQXNAME29YNAM60PTo!91oloZOO)Ptg;
: i

) 6t gt it Pt put et purpet
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235
24y
245
2590
433
265
280
290
300
310
320
330
3490
350
300
3/0
380
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SAMPLE OUTPUT
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°0 =NNX

‘0 =NAX
0000°E66 =17V
0000° 666 = 1AV
000°2 =10N3
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1 =107dN
2 =INI¥dN <]
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